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Abstract 
Microbial pollutants such as bacteria are one of the significant sources of indoor 
air pollution. The first phase of this research aims to examine inactivation efficiencies of 
eight bacterial species using a batch disinfection system with TiO2 assisted photocatalytic 
reactions coupled with a fluorescent light or UV-A lamp. The maximum inactivation of 
most bacteria was achieved at an optimum TiO2 loading of 511-1666 mg/m2 
corresponding to a thickness of 294 - 438 nm of TiO2 layer on the surface. Gram-negative 
bacterium E. coli K-12 was most effectively inactivated with a rate constant of 0.2442 
min-1, while Gram-positive Bacillus subtilis exhibited the most resistant response to the 
photocatalytic treatment (0.0057 min-1). In the second phase, a continuous reaction 
system was developed to examine effects of light intensity (0.5 to 3.4 mW/cm2), TiO2 
loadings (960 and 1516 mg/m2) and relative humidity (RH) (51 ± 0.61 to 85 ± 4.7%) on 
inactivation efficiencies of aerosolized Gram-negative bacterium E. coli K-12. Results 
showed an increase in bacterial inactivation with increasing UV-A intensity, TiO2 loading 
and RH. E. coli K-12 is fully and continuously inactivated after 15 min of UV-A 
exposure.  
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Under a suitable environment, airborne bacteria can proliferate on various indoor 
materials, such as in heating ventilation and air conditioning (HVAC) systems, leading to 
undesired symptoms and responses associating with indoor air bioaerosols, such as sick 
building syndromes, bronchitis, airborne transmission of tuberculosis, asthma, etc. This 
can be particularly serious in tropical regions like Singapore due to high relative humidity 
and warm temperatures throughout the year. While inactivation of bioaerosols using TiO2 
photocatalytic reactions had not been studied in detail, TiO2 photocatalytic disinfection 
can be promising because irradiation of UV-A activates TiO2 reactions with water and 
oxygen forming OH radicals (·OH) and reactive oxygen species (ROS), which can 
subsequently induce inactivation of bacteria. Hence, the objective of this work was to 
systematically examine disinfection efficiencies of TiO2 photocatalytic disinfection 
systems by investigating effects of catalyst loadings, bacteria species, light intensity, 
relative humidity, and/or system design.  
The first phase of this study investigated the efficacy of TiO2 mediated 
inactivation of eight bacterial species in a batch system using two radiation sources, a 
fluorescent (3900 Lux) light emitting a small amount of UV-A (0.013 mW/cm2 at 365 
nm) and a UV-A lamp (4.28 mW/cm2 at wavelength 365 nm) in a batch disinfection 
system. Loadings of TiO2, varying from 234-8662 mg/m2, were impregnated on 
membrane filters and exposed to radiation source for the inactivation of eight bacteria (E. 
coli K-12, Pseudomonas fluorescens, Bacillus subtilis, Microbacterium sp., 
Microbacteriaceae str. W7, Kocuria sp. KMM 3905, Paenibacillus sp. SAFN-007 and 
 
Gordonia terrae/ Actinomycetaceae). Overall, the inactivation rate increased with an 
increase in the TiO2 loading, while the maximum inactivation of most bacteria was 
achieved at an optimum TiO2 loading of 511-1666 mg/m2, corresponding to a thickness 
of 294-438 nm of TiO2 coating over the filter surfaces. Gram-negative bacterium E. coli 
K-12 was most effectively inactivated (0.2442 min-1), while Gram-positive Bacillus 
subtilis was most resistant to the batch photocatalytic treatment (0.0057 min-1). E. coli K-
12 was fully inactivated after 30 minutes of treatment at a TiO2 loading of 1666 mg/m2. 
Inactivation of 1 log10 was obtained for Microbacterium sp., Paenibacillus sp. SAFN-007 
and Microbacteriaceae str. W7 after 2 hours of illumination with a TiO2 loading of 1116 
mg/m2. The inactivation rates resulting from the irradiation of a UV-A lamp is 
comparable with data available in literature, indicating consistency in the UV-A 
photocatalytic inactivation of the microorganisms. 
During the second phase of this research, a continuous annular reactor was 
designed to characterize the TiO2 mediated inactivation of aerosolized Gram-negative 
bacterium E. coli K-12 (ATCC 10798) under various UV-A intensities (0.5 to 3.4 
mW/cm2), relative humidities (RH)  (51 ± 0.61 to 85 ± 4.7%), and two photocatalyst 
loadings (960 and 1516 mg/m2) at an air flow rate of 1 l/min. Overall, inactivation of E. 
coli K-12 increased with an increase in TiO2 loading, UV-intensity, or RH. An UV-A 
dose between 0.03 to 0.204 J/cm2/l under an average UV-A intensity of 0.5 to 3.4 
mW/cm2, at a residence time of 1.1 min, is strong enough to fully and continuously 
inactivate all incoming bacteria. Compared to the batch disinfection system, additional 
experiments employing a low UV-A intensity of 0.015 mW/cm2 and a TiO2 loading of 
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Indoor air pollution due to airborne biological contaminants is recognized as a 
public health problem as many people spend 80-90% of their time indoors, including 
homes, schools, offices and various enclosed work areas (American Thoracic Society, 
1990). Airborne particles of biological origin (such as bacteria, viruses, and fungi) are 
defined as bioaerosols (Lacey and Dutkiewicz, 1994). In tropical countries like 
Singapore, warm and humid climate aggravates the proliferation and the growth of indoor 
biological contaminants. The use of humidifiers, unvented heaters, and air conditioners at 
homes increase the moisture over interior surfaces (EPA, 1995). This encourages the 
growth of biological pollutants such as allergens, which may cause respiratory illnesses 
like asthma. The additional diseases transmitted by bioaerosols include tuberculosis, 
cough and cold, mumps, measles, rubella, pneumonia, meningitis, Legionaries, influenza, 
etc. (Jacoby et al., 1998). Hence, contaminated humidifiers can disseminate bacteria and 
fungi to affect particularly immuno-suppressed patients in hospitals (Arundel et al., 
1986).  
Health problems closely associating with bioaerosols are evident in several 
studies on sick building syndromes (SBS), concluding that microorganisms (consisting of 
bacteria, viruses, fungi, molds, mildew) and their endotoxins along with volatile organic 
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chemicals (VOCs) in indoor air are largely responsible for the allergies and sicknesses of 
people in the buildings (Goswami et al., 2004). The use of anthrax spores in 2001 as a 
biological weapon of mass destruction and the outbreak of severe acute respiratory 
syndrome (SARS) in 2003 further raise public awareness against airborne diseases. 
Hence, control of indoor air quality through economical and effective inactivation of 
microorganisms (e.g., bacteria), which are disease vectors, is required. This can be 
especially important for hospitals, and bioaerosol-free production processes and facilities 
(Blake et al., 1999).  
Many control methods are used to reduce indoor bio-pollutants through purging 
(using outside air), filtering and isolating microbiological species using pressurization 
control, as well as using low-level ozonation and ultraviolet germicidal irradiation 
(UVGI). It should be noted that the recommendation of introducing outside air to purge 
the contaminant indoors only dilute the concentration of bioaerosols without removing or 
destroying the biological species (American society of heating, refrigerating and air-
conditioning engineers, ASHRAE). Microbiological filters, which remove submicron 
particles along with microorganisms have been used for disinfection of air because of 
their low cost and ease of handling. However, these filters temporarily remove the 
contaminants by transferring them to another medium (Goswami et al., 1997). 
Pressurization control is commonly used in biohazard facilities and isolation rooms to 
prevent migration of microbes from one area to another, but inherent costs and 
operational instability at normal air flow rates limit its applications for common indoor 
environments (e.g., residential buildings) (Kowalski et al., 1998). Ozonation has been 
proven to be an effective oxidant in water environments and can directly disintegrate cell 
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walls (cell lysis) (Metcalf and Eddy, 2003). Ozone can also selectively attack molecular 
structures in cells (Blake et al., 1999). Although ozonation has shown potential for 
microbiological and chemical abatement, residual levels of ozone are hazardous to human 
beings (Goswami et al., 1997).  
Ultraviolet radiation has received great attention for its effective damage of 
bacterial cells and applications related to antimicrobial processes (Taghipour, 2004; 
Hijnen et al., 2006) in water. Ultraviolet (UV) disinfection can inactivate protozoa, 
bacteria and viruses, while is proven to be safe and reliable (Hijnen et al., 2006). The 
most effective wavelength for inactivating microbes is in the UV-C range (100-290 nm). 
The optimum wavelength for inactivation of microorganisms is 254 nm because UV 
radiation at this wavelength is readily absorbed by purine and pyrimidine bases of the 
nucleic acids of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) inside the cell, 
to inhibit or alter the base pair. However, it is known that a short-term overexposure of 
human skin and eyes to 254 nm UV-C can lead to erythema or reddening of the skin, and 
photokeratitis/inflammation of the cornea and conjunctivitis/inflammation of the 
conjunctiva, respectively (Green and Scarpino, 2002).  
Solar inactivation of bacteria for disinfection of water such as groundwater and 
industrial wastewater (Salih, 2002), soil, and air (Goswami, 1997) has been reported. 
Since solar disinfection can be ineffective and time consuming, an advanced oxidation 
technology using UV-A (320-400 nm) coupled with TiO2 catalyst (heterogeneous 
photocatalysis) is a potential alternative; relative to expensive oxidizing chemicals, it is 
cost effective as it uses atmospheric oxygen to produce hydroxyl radical and reactive 
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oxygen species (ROS), which are indiscriminate and powerful oxidizing agents to 
inactivate most of the microorganisms (Huang et al., 1998). Heterogeneous 
photocatalysis has been proven to be successful in treatment of water (Bekbolet and Araz, 
1996; Maness et al., 1999; Wolfrum et al., 2002; Ibanez et al., 2003; Rincon and 
Pulgarin, 2003; Kuhn et al., 2003), while application of photocatalysis to inactivate air-
borne bacteria is relatively new. Most of the earlier studies on inactivation of E. coli have 
been carried out using either a TiO2 suspension (Liu and Yang, 2003; Matsunaga et al., 
1985) or TiO2 immobilized on supports, such as glass (Jacoby et al., 1998; Kuhn et al., 
2003; Sunada et al., 2003) or quartz disc (Wolfrum et al., 2002). 
 The bactericidal efficiency of heterogeneous photocatalysis using UV-A and 
TiO2 has been tested on various bacterial species, such as E. coli K-12 (Ibanez et al., 
2003; Maness et al., 1999; Rincón and Pulgarin, 2003; Jacoby et al., 1998), E. coli 
(Bekbolet and Araz, 1996; Huang et al., 2000; Liu and Yang, 2003; Kuhn et al., 2003), 
Bacillus subtilis (Wolfrum et al., 2002), Staphylococcus aureus, Enterococcus faecium, 
(Kuhn et al., 2003), Enterobacter cloacae (Ibanez et al., 2003), Pseudomonas aeruginosa 
(Ibanez et al., 2003; Kuhn et al., 2003), Salmonella typhimurium (Ibanez et al., 2003), 
etc. When microbes or substances with high molecular weight are deposited by contact or 
in the form of aerosols on photocatalytic surfaces, their residence time on the surface can 
be considered to be infinite unless they are removed physically or chemically (Wolfrum 
et al., 2002). Thus, determining the time taken to oxidatively remove bacterial mass from 
any surface can be important for the design of sterile rooms and surfaces, which requires 
systematic inactivation studies.  
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Using UV-A and TiO2 is effective for bacteria inactivation, while fluorescent light 
can be an attractive and alternative light source since indoor environments, especially 
commercial and office premises are commonly illuminated using fluorescent light. 
Because TiO2 is a key constituent of many wall paints, using TiO2 coupled with 
fluorescent light has vast potential for indoor air disinfection due to low power 
consumption, long service life, less-frequent maintenance requirement, and compatibility 
with heating ventilation and air conditioning (HVAC) system (Yang and Wang, 2007). 
For cost-effective utilization of existing resources (i.e., TiO2 coupled with fluorescent 
light), or TiO2 coupled with UV light to inactivate bioaerosols, systematic examination of 
both approaches considering various parameters (e.g., relative humidity) in a typical 
room environment is needed.  Hence, the objective of the first phase of this study is to 
study, in batch, the photocatalytic inactivation on various strains of bacteria applicable to 
the indoor environment in Singapore.  The second phase of this work is to develop a 
continuous-flow reactor for photocatalytic inactivation of bioaerosols and to characterize 
its performance with respect to TiO2 loading, UV-A intensity, and relative humidity 
(RH). Results of this study are expected to bridge potential applications of a 
photocatalytic disinfection system with existing HVAC systems. 
 
1.2 Objectives  
For optimum utilization of the existing resources (e.g., energy consumption) in 
indoor environments, the first objective of this study is to establish the inactivation 
kinetics of eight bacterial strains using commercial fluorescent light with TiO2 
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photocatalyst, and compare the results with the inactivation studies using UV-A 
radiation. The specific objectives are: 
1. To study the batch inactivation of selected two Gram-negative bacteria (E. coli K-12 
and Pseudomonas fluorescens) and six Gram-positive bacteria (Microbacterium sp., 
Bacillus sp., Microbacteriaceae str. W7, Kocuria sp. KMM 3905, Paenibacillus sp. 
SAFN-007, and Gordonia terrae/ Actinomycetaceae) using TiO2 photocatalysis.  
2. To examine the effects of the wavelength of radiation and intensity, TiO2 loadings, 
relative humidity and temperature on the batch photocatalytic inactivation system.  
The second phase of this study is to explore the applications of TiO2 mediated 
photocatalytic disinfection to mitigate indoor bioaerosols by designing and characterizing 
a continuous flow reaction system to couple with existing HVAC systems. The specific 
objectives are: 
3. To design and construct a continuous reaction system for the photocatalytic 
inactivation of aerosolized Gram-negative bacterium E. coli K-12. 
4. To characterize effects of UV-A intensity, relative humidity, and TiO2 loading on 





1.3 Organization of thesis 
 
Following Chapter 1, which introduces the background information and 
motivation of conducting this study, Chapter 2 furnishes an extensive review of the 
literature relevant to TiO2 mediated inactivation of bacteria using various light sources. 
The experimental set-up for the batch and continuous reaction studies, materials and 
procedure used in the research (such as preparation of bacteria culture, membrane 
preparation, inactivation, incubation and enumeration) and the control experiments are 
described in Chapter 3. Chapter 4 provides results and discussion of TiO2 mediated batch 
inactivation of various bacterial strains. This chapter has been categorized into 2 sections: 
Section 1 discusses the results of batch photocatalysis, and Section 2 focuses on the 
results and discussion of the continuous photocatalytic studies. A summary of major and 
specific conclusions drawn from this study and the suggested further research are 























2.1 Indoor air pollution due to microbial pollutants 
 
Indoor air pollution is one of the top five environmental risks (IAQ publications, 
1993). Indoor air pollutants include chemical contaminants, particulate matter and 
biological contaminants in the form of bioaerosols. Bioaerosols consist of bacterial cells, 
cellular fragments, fungal spores and by-products of microbial metabolism (Stetzenbach 
et al., 2004). More than 60 bacteria, viruses, and fungi are documented as infectious 
airborne pathogens (Jacoby et al., 1998). Allergic reactions associated with biological 
pollutants are the most common health problem; in particular asthma attack can be life 
threatening. Bioaerosols are also responsible for irritant responses, infectious diseases, 
respiratory problems and hypersensitive reactions (Green and Scarpino, 2002). According 
to the US Environmental Protection Agency (EPA), 10% of all colds are caught outdoors 
while 90% are caught indoors. Furthermore, contamination of indoor air by microbial 
pollutants may be responsible for sick-building syndrome (SBS) (Bholah and Subratty, 
2002) and building-related illnesses (BRI). For example, airborne transmission of 
Mycobacterium tuberculosis and other infectious agents within indoor environments has 
been a hazard for decades (Xu et al., 2003).  
In microbiological laboratories and biotechnology industries, researchers may 
have to intentionally handle large amounts of microbes, which may be infectious or 
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allergens, making it important to apply proper control measures to prevent exposure. 
Heating, ventilation, and air conditioning (HVAC) system is commonly used in offices, 
houses, industries, large enclosed buildings, etc. Due to neglected maintenance programs 
in many cases, excessive dirt may be collected in the system as a breeding ground for 
microorganisms (Goswami et al., 1997). The presence of contaminated humidifier can 
also contaminate an uncontaminated factory with bioaerosol (Crook and Sherwood-
Higham, 1997). Since most people spend 80-90% of their times indoors (American 
Thoracic Society, 1990), economical and effective inactivation of disease spreading 
microorganisms (e.g., bacteria) in indoor air is needed.  
 
2.2 Effect of direct UV irradiation on bacteria 
 
The germicidal properties of ultraviolet (UV) light have been established for a 
long time, and UV lamps have been used extensively in tuberculosis (TB) wards in the 
USA during the 1940s and 1950s (Beggs and Sleigh, 2002). The centre for disease 
control and prevention (CDC, USA) recommends UV disinfection as supplement for air 
disinfection for various places (such as hospitals, military housing, classrooms, homeless 
shelters, and correctional facilities) for the prevention of the spread of tuberculosis 
(Green and Scarpino, 2002).  Ko et al. (2000) studied the effect of relative humidity (RH) 
on particle size and sensitivity of ultraviolet germicidal irradiation (UVGI) on aerosols of 
Serratia marcescens and Mycobacterium bovis BCG in a continuous experimental setup. 
They concluded that low RH (< 75%) may significantly improve the efficiency of upper 
room UVGI in reducing TB transmission. 
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UVGI can be used in indoor air disinfection in three ways: duct irradiation of the 
air being removed from the room; shielded lamps are used in upper room areas and fan-
powered air cleaning fixtures are usually placed at the ceiling level (Scarpino et al., 
1998). Germicidal lamps are low-pressure (i.e., <10 torr Hg) lamps with monochromatic 
emission at 254 nm, which closely corresponds with the associated DNA absorption 
wavelengths (Zimmer and Slawson, 2002).  
UVGI inactivates cells by damaging deoxyribonucleic acid (DNA) or ribonucleic 
acid (RNA) inside the cell where the purine bases (adenine and guanine) and pyrimidine 
bases (thymine and cytosine) absorb UV radiation at a maximum absorption of 260 nm, 
leading to the inhibition or alteration of the base pair (Green and Scarpino, 2002). When 
DNA is exposed to radiation at around 260 nm, adjacent pyrimidines become covalently 
linked by the formation of a four-membered ring structure (cyclobutane dipyrimidine or 
pyrimidine dimer) resulting from the saturation of their respective 5, 6 double bonds 
(Friedberg et al., 1995). Pyrimidine dimers are covalently linked adjacent pyrimidine 
bases on a strand of DNA. As a result, the double helix of the DNA is distorted, which 
interferes with normal DNA replication (Harris et al., 1987).  
UV radiation only directly mitigates risks from infectivity of microbes (Green and 
Scarpino, 2002). However, allergies and hypersensitive reactions, arising from other 
properties of bioaerosols can still be present irrespective of whether the microbes are 
alive or dead. Photoreactivation occurs when UV-inactivated organisms regain their 
activity when exposed to near-UV light (310-480 nm) by using a single enzyme, 
photolyase, to reverse UV-induced damage to DNA (Oguma et al., 2002; Zimmer and 
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Slawson, 2002). However, inactivating light at a broad range of wavelengths is effective 
for reducing subsequent photoreactivation of E. coli (Oguma et al., 2002). On the other 
hand, dark repair or nucleotide excision repair can indirectly repair DNA damage by 
replacing the damaged DNA with undamaged nucleotides (Britt, 1996). Indirect 
photoreactivation, however, can reduce the effect of UV irradiation by slowing down 
metabolic processes after UV irradiation and allowing more time for a dark repair process 
(i.e., excision-repair) (Bridges, 1976). The effect of UV radiation on cells is 
‘inactivation’; unlike killing, inactivation disables the ability of the cells to reproduce 
themselves. The non-reproducing cells may retain other metabolic properties (such as 
electron transfer and respiration) (Harm, 1980; Blatchley et al., 2001). 
 
2.3 Effect of heterogeneous photocatalysis (UV-A and TiO2) on bacteria 
 
TiO2 is a semiconductor photocatalyst with band gap energy of 3.2 eV. Upon 
irradiation with photons of less than 385 nm, TiO2 promotes an electron from the valence 
band (VB) to the conduction band (CB). This forms an electron-hole pair, which 
participates in chemical reactions forming hydroxyl radicals and superoxide ions. These 
highly reactive species can oxidize organic compounds adsorbed on the catalyst surface 
(Jacoby et al., 1998). According to Zhao and Yang (2003), the activation of TiO2 by UV 
light can be written as: 
 
TiO2 + hν → h+ + e-.                  (2.3.1) 
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Here, h+ (holes) and e- (electrons) are powerful oxidizing and reductive agents, 
respectively. These photo-generated holes react with water attached on TiO2 and the 
photo-generated electrons react with oxygen in water to form reactive oxygen species 
(ROS) such as ·OH, HO2· and H2O2 in the following way (Huang et al., 1998): 
 
H2O + h+ → ·OH + H+                               (2.3.2) 
 
O2 + e- → O2·¯                                           (2.3.3) 
 
O2·¯ + H+ → HO2·                                      (2.3.4) 
 
2 HO2· → O2 + H2O2                                        (2.3.5) 
 
H2O2 + O2·¯ → ·OH + OH¯ + O2               (2.3.6) 
 
Equation (2.3.2) is an oxidative reaction while Equations (2.3.3)-(2.3.6) are reductive 
reactions. The ·OH radicals thus generated are highly active for the oxidation of organic 
substances, as well as the inactivation of bacteria (Rincon and Pulgarin, 2003). The 
inactivation of bacteria by heterogeneous photocatalysis using UV-A (320-400 nm) with 
TiO2 has been envisaged as one of the most effective disinfection technologies as no 
carcinogenic, mutagenic or malodorous compounds are formed during the process 
(Ibanez et al., 2003).  
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2.3.1 Heterogeneous photocatalytic inactivation of bacteria in aqueous phase 
 
After the discovery of photolysis of water at titanium dioxide electrodes by 
Fujishima and Honda (1972), the concept of photochemical sterilization of microbial 
cells using semiconductor was first reported by Matsunaga et al. (1985). Platinum black 
loaded with TiO2 (Aerosil p-25, 99.99% anatase) in the ratio 10:1 and suspended in water 
was used as catalysts under metal halide lamp irradiation for 60–120 min to photo-
electrochemically oxidize Coenzyme-A (CoA). The whole cells of Gram-positive 
bacteria (Lactobacillus acidophilus), Yeast (Saccharomyces cerevisiae) and Gram-
negative bacteria (E. coli) were inhibited from respiration leading to cell death. The 
survival ratio of E. coli decreased to 20% after 60 min and they were completely killed 
after 120 min. Huang et al. (2000) used o-nitrophenol β–D-galactopyranoside (ONPG) as 
a probe and E. coli as model cells to illustrate that TiO2 photocatalysis caused initial 
oxidative damage to the cell wall, although the cells were still viable. Photocatalytic 
action gradually increased the cell permeability; once the protection of the cell wall was 
eliminated, the oxidative damage took place on the underlying cytoplasmic membrane. In 
addition, if free TiO2 particles entered into membrane-damaged cells, cell death could be 
accelerated. Ibanez et al. (2003) have tested the bactericidal heterogeneous photocatalysis 
on Enterobacter cloacae (a microorganism very resistant to UV-A irradiation) and on 
Gram-negative bacteria, such us E. coli K-12, Pseudomonas aeruginosa and Salmonella 
typhirium; they reported that sub-lethal UV-A provoked an important lethality with the 
presence of TiO2. After 40 min of UV-A irradiation, 99.9% of viability was lost in all the 
studied strains and an exponential decrease in the viability was observed. Cho et al. 
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(2004) concluded that the ·OH radicals produced during the heterogeneous photocatalysis 
is the primary species responsible for E. coli inactivation. According to Maness et al. 
(1999), lipid peroxidation reactions, which led to the loss of normal functions associated 
with an intact membrane, was the underlying death mechanism of Escherichia coli K-12 
cells undergoing the UV irradiation in the presence of TiO2. Bekbolet and Araz (1996) 
treated E. coli suspensions in TiO2 slurries (1 mg/ml) with blacklight fluorescent lamps of 
wavelength 300-400 nm with a peak at 360 nm, and obtained a maximum inactivation in 
60 min. They evaluated photocatalytic inactivation data in terms of first order rate 
equation N/N0 = e (-kIt), I being the intensity of light and k being the reaction rate 
constant, where k was calculated as 1.22×10-2 (mWmin/cm2)-1.  
Unlike the batch system, scarce data are available regarding the photocatalytic 
inactivation of microbes in the aqueous phase using a continuous system. Matsunaga et 
al. (1988) reported a more than 99% sterilization efficiency of a novel continuous system 
coupled with TiO2, in which an aqueous suspension of E. coli cells was photochemically 
inactivated after 16 min of irradiation to mercury lamp at a light intensity of 1,800 
microeinsteins/m2 per sec. To improve village-scale water quality, Gill and McLoughlin 
(2007) investigated disinfection kinetics of E. coli K-12 by employing a continuous flow 





2.3.2 Heterogeneous photocatalytic inactivation of bacteria in air phase 
 
In 1998, Jacoby et al. provided the first evidence that organic matter in whole 
cells deposited on TiO2 coated surface could be completely oxidized in air to carbon 
dioxide. Using batch photocatalytic reactor Wolfrum et al. (2002) reported the carbon 
mass balance and kinetic data for the total oxidation of cells like E. coli, Micrococcus 
luteus, Bacillus subtilis, spores and biomolecules deposited on TiO2 surfaces under UV-A 
illumination. Kuhn et al. (2003) have proposed for the first time to disinfect surfaces 
using a light-guiding material coated with a semiconductor (such as TiO2) and stimulated 
by indirect UV-A. Sunada et al. (2003) have reported that the change in survival of intact 
E. coli cells on UV-A illuminated TiO2 film showed a two-step decay dynamics: first 
with a lower rate constant and second with a higher rate constant. They have also 
reported that TiO2 coated tiles with self-cleaning and bactericidal action have been 
commercialized.  
Goswami et al. (1997) constructed a recirculating duct system in which Gram-
negative bacterium Serratia marcescens was completely inactivated using photocatalysis 
(UV-A at 10 mW/cm2 intensity and 350 nm radiation and Degussa P25 TiO2) at a relative 
humidity of 50%. However, at least eight hours was required for complete inactivation of 
the bacteria. Vohra et al. (2005), of the same research lab as above, have developed an 
advanced photocatalyst, which is a silver ion doped TiO2 catalyst, and have obtained 
complete inactivation of various microbes using a UV-A intensity of 10 mW/cm2. Keller 
et al. (2005) were the first to report a 99.1-99.8% removal of non-pathogenic E. coli in an 
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air stream, using UV-A (wavelength of 380 nm) and TiO2. Ko et al. (2000) designed a 
RH controlled chamber in which aerosolized bacterial strains were inactivated using 
various UV-C doses. However, scarce data are available regarding how various 
parameters, such as relative humidity (RH), TiO2 loading and UV-A intensity, may affect 
disinfection efficiencies although these parameters would be critical to the design of a 
commercial system. In addition, inactivation of bacteria in air using photocatalysis with a 
fluorescent light has never been studied before.  
 
2.4 Effect of heterogeneous photocatalysis (fluorescent light and TiO2) on bacteria 
 
It seems that fluorescent lamps used for room illumination can cause UV 
exposure by emitting a small fraction of UV-A (Harm, 1980). A fluorescent lamp is a 
low-pressure mercury lamp with the inner surface coated with various types of phosphors 
to absorb the 254 nm radiation and emit longer wavelengths (Bolton, 2002). Although the 
glass envelope surrounding the lamp absorbs all far-UV emission, the commonly used 
daylight or cool white lamps radiate appreciable amounts at 313, 334, and 365 nm 
mercury lines. A much stronger emission at these wavelengths is typical of the blacklight 
lamps, which are sometimes used in rooms to provide fluorescent effects.  
According to Wamer et al. (1997), UV radiation is both scattered and absorbed by 
TiO2, while the photophysical properties of TiO2 in the visible region is predominately 
due to light scattering. It can be noted that Wei et al. (1994) satisfactorily disinfected E. 
coli within minutes using TiO2 suspension with UV light (longer than 380 nm) 
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irradiation. Huang et al. (1998) have shown that long-wavelength (>380 nm) irradiated 
TiO2 suspension causes facile deactivation of E. coli. It is also interesting to note that 
microbes were killed in an aqueous medium using dye-sensitized semiconductor titanium 
dioxide films irradiated under visible light longer than 420 nm (Yu et al., 2003). The 
same study showed that the bactericidal efficiency was related to the coverage of the 
TiO2 films, because the dye molecules could be excited by photons to a higher state, 
inject an electron to react with O2 on TiO2 surface, and yield O2·¯and ·OH radicals. The 
photo-response of dye-sensitized TiO2 under fluorescent light irradiation has also been 
studied and used to degrade plastic contaminants (Shang et al., 2003). 
 
2.5 Factors affecting the inactivation of bacteria  
 
2.5.1 Wavelength and light intensity  
 
UV-A can affect membranes and membrane functions, while UV-B and UV-C 
can be absorbed by proteins (Zimmer and Slawson, 2002). Cho et al. (2004) have 
reported that rapid inactivation of E. coli occurs at higher light intensity; the E. coli 
inactivation showed a square root dependence on light intensity, which could be due to 
the excessive ·OH radical generated at high light intensity that leads to the self-
recombination of the ·OH radicals. However, Wei et al. (1994) concluded that the 
disinfection rate of E. coli increased proportionally with an increase in the incident light 
intensity. Huang et al. (1998) also reported that cell (E. coli) viability decreases 
monotonically (i.e., inactivation increases monotonically) with an increase in the light 
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intensity. Moreover, to disinfect three E. coli strains, a short but high UV intensity 
appeared to be more effective than long but low intensity UV exposure (Rincon and 
Pulgarin, 2003). 
 
2.5.2 Type of bacteria 
 
Gram-positive bacteria have a thick mesh-like cell wall made of peptidoglycan, 
while Gram-negative bacteria have a thin and slack cell wall made of a layer of 
peptidoglycan. In addition to an inner membrane, they also have an outer membrane, 
which contains lipids, and is separated from the cell wall, by the periplasmic space. 
Gram-negative bacteria (such as E. coli and P. aeruginosa) are more susceptible to 
heterogeneous photocatalysis compared to Gram-positive bacteria (such as S. aureus and 
E. faecium), which have thicker and denser cell walls (Kuhn et al., 2003). This can be 
explained by assuming that the primary step in photocatalytic decomposition is an attack 
by ·OH radicals on the cell wall.  
Interestingly, some studies have shown Gram-positive bacteria to be more easily 
killed than Gram-negative bacteria. For example, in a recent study involving cell killing 
using photosensitizers and visible light, the overall susceptibility of Gram-positive S. 
aureus was found to be greater than Gram-negative E. coli (Demidova and Hamblin, 
2005). In another study using porphyrin-mediated photodynamic therapy, the outer 
membrane of Gram-negative cells rendered them completely resistant (Malik et al., 
1992), while in a study based on exposure of Gram-positive and Gram-negative cells to 
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singlet oxygen for various durations, survival of Gram-positive cells showed fast 
decrease compared to that of the Gram-negative cells (Valduga et al., 1993).  
Rincon and Pulgarin (2003) found that some bacteria may have time to recover 
from the damage of heterogeneous photocatalysis through a self defense mechanism; they 
can synthesize superoxide dismutase (SOD) enzymes against oxidation stress by 
catalyzing the disproportionation of superoxide anions O2·¯ into hydrogen peroxide and 
molecular oxygen (Equation 2.5.2.1). Gram-negative bacteria also produce a catalase 
enzyme in response to an oxidative stress, which reduces the intracellular concentration 
of hydrogen peroxide as shown in Equation 2.5.2.2. 
 
SOD 
2 O2·¯   + 2H    →   O2 + H2O2                         (2.5.2.1) 
 
Catalase 
H2O2 + H2O2      →     O2 + 2 H2O                    (2.5.2.2) 
 
2.5.3 Concentration of TiO2 
 
To determine the optimal dose of TiO2, photocatalytic reactions on E. coli using 
UV-A light were carried out by Maness et al. (1999). For E. coli in a small concentration, 
when the TiO2 concentration was increased from 0.1 to 0.5 mg ml-1, a significant 
improvement in inactivation efficiency was observed. However, at a concentration of 
TiO2 greater than 1 mg ml-1, they found a decrease in the inactivation efficiency. This is 
because a higher concentration of TiO2 provides more surface sites, which results in more 
light scattering and decreases the light penetration into the suspension. Rincon and 
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Pulgarin (2003) have reported that at high TiO2 concentrations, the following terminal 
reactions may take place: 
 
·OH + ·OH → H2O2                      (2.5.3.1) 
 
H2O2 + ·OH → H2O + HO2·                              (2.5.3.2) 
 
Since, HO2· is less reactive compared to ·OH, it does not contribute to the oxidative 
process, which may also contribute to the diminution of the bacterial inactivation. 
 
2.5.4 Crystal structure and loading of TiO2 
 
The crystalline forms of anatase and rutile in TiO2 have photocatalytic activity 
with band gap energies of 3.2 and 3.0 eV, respectively. Anatase can cause fatal damage 
to microorganisms, but its activity significantly decreases under a light of longer than 385 
nm (Blake et al., 1999). Moreover, anatase is generally considered to have higher 
photocatalytic activity than rutile due to the larger Fermi level of anatase (Rincon and 
Pulgarin, 2003). The location of anatase on the conduction band makes it better suited for 
driving conjugate reactions involving electrons. In addition, highly stable peroxide 
groups can be formed on the anatase surface but not on the rutile surface during photo-
oxidation (Zhao and Yang, 2003). The higher relative opacity of rutile as compared to 
anatase also implies that light penetration will be better through anatase. However, in a 
study by Rincon and Pulgarin (2003), rutile has been shown to perform better than 
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anatase in the inactivation of E. coli. It is suggested that the high scattering of light in 
rutile may promote synergy between the actions of light and photocatalyst on bacteria, for 
which rutile film adsorbs bacteria better than anatase film. Mixtures of anatase and rutile 
(e.g., TiO2 Degussa P-25, consisting of about 80% anatase and 20% rutile) show a better 
photo-activity than either of the component alone (Rincon and Pulgarin, 2003).  
When TiO2 is immobilized, it is less efficient compared to TiO2 suspension which 
may be due to the localization of the TiO2 with only cells that are close to the 
immobilized TiO2 (Salih, 2002). However, a supported photocatalyst can be more 
advantageous for a continuous-flow system by minimizing material loss during filtration 
and decantation. In addition to the catalyst loading, the photo-conversion rate strongly 
depends on the physical properties of the photo-catalyst, such as particle-particle 
agglomeration and particle-mesh interaction (Ibrahim and Lasa, 2002). 
 
2.5.5 Reaction time 
 
Chick’s law developed by Harriet Chick in 1908, states that the death of 
microorganisms is in a trend of first order with respect to time. The differential form of 
this law is as follows (Metcalf and Eddy, 2003): 
 




k = inactivation rate constant (t-1), which depends on the strain of bacteria, 
concentration of catalyst, etc. 
Nt = number of Colony Forming Units (CFU)s at time t. 
t = time. 
dN/dt = rate of change in the concentration of bacteria. 
 
If N0 is the number of CFUs when t equals 0, Chick’s law can be integrated to 
 
Nt/N0 = e-kt.                                    (2.5.5.2) 
 
According to Bridges (1976), the appearance of a bacterial colony on an agar 
plate suggests the formation of a viable colony. Several other kinetic models based on 
more sophisticated rate equations have been derived to express the effects of the rate of 
recombination of electron/hole pairs, the number of oxidative sites, and the competitive 
adsorption of various species formed (Bekbolet and Araz, 1996). Sunada et al. (2003) 
have reported that the survival curve, instead of a simple single exponential decay, 
possibly consisted of two steps, a very slow rate killing, followed by a higher photo-
killing step. 
 
2.5.6 Relative humidity  
 
The presence of excessive water vapor on the catalyst surface can lead to a 
decrease in the reaction rate, because water molecules can occupy the active sites of the 
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reactants on the surface (Zhao and Yang, 2003). Heterogeneous photocatalysis in the 
presence of very high relative humidity (>85%) is not appropriate, as it could cause 
further contamination due to growth and multiplication of different microbes over a time 
scale of 24 hours (Goswami et al., 1997). Also according to their study involving 
photocatalytic inactivation of Serratia marcescens in a recirculation duct system using 
TiO2 coated on fiberglass air conditioning filter and UV-A, at a low RH (30%), no 
difference was observed between photolysis and heterogeneous photocatalysis suggesting 
that lower number of hydroxyl free radicals were available, due to which complete 
inactivation of bacteria was not achieved. They observed that increase in RH from 30% 
to 50%, increased the inactivation rate significantly to obtain complete inactivation at 
50% RH. However, at higher RH of 85%, around 10% of the microorganisms were still 
viable.  
In their study using UV-C inactivation on Serratia marcescens and BCG aerosols, 
Ko et al. (2000) suggested an RH below 75% for maximum inactivation of airborne 
bacteria since higher RH could increase size of bioaerosol particles (including bacterial 
cells), due to greater retention of intracellular moisture at higher RH, which subsequently 
reduced inactivation efficiencies under UV irradiation. However, UV-C has limited 
penetrating characteristics, and enlarged bioaerosol particles at higher RH could decrease 
sensitivity of microorganisms to UV-C. Also, though germicidal irradiation using UV-C 
on airborne Serratia marcescens demonstrated increase in inactivation rate with decrease 
in RH, there was no difference found between inactivation rates measured at moderate 
and high range of RH, when tested at lower UV-C irradiance (Riley and Kaufman, 1972). 
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As shown in Figure 2.1, Arundel et al. (1986) reported that the optimum zone of 
RH, best suited to minimize adverse health effects varies from 40-60%. Since indoor 
environments in tropical region often have RH > 60%, design of an effective PCR has to 
incorporate RH effects to maximize inactivation of airborne microorganisms. 
 
Figure 2.1: Optimum range of relative humidity to minimize adverse health effects 






The microbial inactivation becomes slower at lower temperatures when chemical 
disinfectants (such as chlorine and ozone) are applied because the metabolism of the 
microorganism responds more slowly at low temperatures. On the other hand, at higher 
temperatures, the inactivation of bacteria, such as E. coli, in photocatalytic TiO2 
disinfection is much faster than expected, mainly because of the increased susceptibility 
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(Cho et al., 2004). Rincon and Pulgarin (2003) observed that for Gram-positive bacteria 
(such as enterococci), increasing the temperature from 23 to 450C improves the 
photocatalytic disinfection rate, whereas for Gram-negative bacteria, the resistance to the 
photocatalytic treatment is enhanced by heating. The opposite response of Gram negative 
bacteria is mainly due to morphological difference from Gram-positive bacteria leading 
to a difference in resistance to photocatalytic treatment. 
 
2.5.8 Presence of interfering species  
 
Heterogeneous photocatalysis is often affected by inorganic-radical scavengers as 
well as organic matter, which can obstruct light as well as provide nutrients for the 
bacteria. Phosphate can absorb strongly on TiO2 surfaces, which may inhibit the anatase-
rutile transformation (Christensen et al., 2003). Salih (2002) found that the presence of 
dimethyl sulphoxide and cysteamine reduced the rate of bacterial inactivation because 
they are good scavengers of the ·OH, and hence the bacteria were less effectively 
attacked by the ·OH.  
 
2.6 Current trends in Heating Ventilation and Air Conditioning (HVAC) systems 
 
Good indoor air quality of a building is achieved when contaminants are 
minimized and 80% of the occupants express satisfaction with the indoor air quality 
(Townsend, 2007). The main sources of indoor air pollution are building materials, 
cleaning products, office equipment, people and the personal products in the building, as 
well as the HVAC system (Townsend, 2007). When HVAC systems control and regulate 
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indoor air using devices such as filters and humidifiers, occupants often complain about 
air quality along with physical symptoms (Leyten and Kurvers, 2006). Since during 
processes of removing airborne particulates, air filtration media of an HVAC system tend 
to collect organic matter, inorganic nutrients and airborne microorganisms, leading to 
further growth of the microbes over time (Kemp at al., 2001), filtration coupled to HVAC 
systems with minimum side effects is needed to maintain satisfactory air quality indoors. 
Satisfactory indoor air quality can be also achieved by employing a photo-
catalytic reactor (PCR) to in situ disinfect air from HVAC systems prior to further 
circulation in buildings. The commercial viability of a PCR depends on costs of 
installation, maintenance, and energy utilization. Commercialization of semiconductor 
photocatalysis for purification of water has been extensively promoted by a number of 
companies; in particular, removal of gaseous contaminants (e.g., aromatics and 
halocarbons) can be the largest industrial application of this technology (Mills and Lee, 
2002). Although many companies developing air-conditioning systems capable of 
removing volatile organic compounds (using germicidal lamps and TiO2 photocatalyst 
coated onto glass tubes) also claim that their units can destroy bioaerosols, scarce data 
resulting from systematic studies are available.  
Heterogeneous photocatalysis using UV-A (320-400 nm) coupled with TiO2, has 
been envisaged as one of most effective technologies to inactivate bacteria (Ibanez et al., 
2003). TiO2 catalyst is inexpensive, non-carcinogenic, safe and stable with high 
photocatalytic efficiency; it can be efficiently used in suspension due to the large surface 
area available for reactions (Essawy et al., 2008). The electron-hole pair resulting from 
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irradiation of TiO2 with UV-A has a lifetime in the space-charge region that enables 
participation in chemical reactions.  Extensive research has been carried out, including 
using photocatalysis to destruct organic compounds (such as tricholoroethylene and 
aromatic compounds), ammonia, odor and bacteria in drinking water and urban 
wastewaters (Lin and Li, 2003).  TiO2 has also been considered as the most suitable 
semiconductor for a complete destruction of toxic organic compounds in wastewater in 
presence of UV-A (Chen and Ray, 1998). TiO2-mediated photodegradation has been 
employed for effective degradation of Bisphenol-A (BPA), a monomer used in the 
manufacture of numerous chemical products such as polycarbonate and epoxy resins, a 
well known endocrine disruptor (Lee et al., 2004).  
TiO2 mediated photocatalytic inactivation of indoor air pollutants can take place 
at an ambient temperature, capable of exerting complete oxidation of a wide range of 
pollutants. An advantage of employing TiO2 photocatalytic degradation is that no 
chemical additives are required (Zhao and Yang, 2003). TiO2 can be adopted for diverse 
applications, such as fixed on a matrix (e.g., glass-fiber membrane filters) for water 
treatment (Lee et al., 2004) or coated within the photo-catalytic reactors for destroying 
bacteria and volatile organic compounds (Goswami, 1998). 
Beggs and Sleigh (2002) reported that a small portion of aerosolized bacteria 
undergo natural dying processes, and their inactivation rates through natural decay or die-
off in the air depend on species and environmental conditions. Airborne bacteria may lose 
viability due to various factors such as desiccation, oxygen toxicity and variation in 
relative humidity (Beggs and Sleigh, 2002). Overall, compared to Gram-positive bacteria, 
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aerosolized Gram-negative bacteria tend to survive less. Hence, to evaluate disinfection 
efficiencies of any devices, resultant removal efficiencies have to substantially exceed 
inactivation rate constant due to natural decay. Taking E. coli K-12 as an example, a 
satisfactory disinfection efficiency has to result in a degradation rate constant larger than 








































3.1.1. Titanium dioxide 
 
The non-porous titanium dioxide (TiO2, P25, Degussa AG, Frankfurt, Germany) 
used as the photocatalyst for both batch and continuous studies, had a primary particle 
diameter of 21 nm, specific surface area of 50 ± 15 m2/g, and a crystal distribution of 
80% anatase and 20% rutile. TiO2 suspensions in deionised water at nine different 
concentrations ranging from 234 to 8662 mg/m2 were prepared and autoclaved for the 
following batch inactivation experiments. Another TiO2 catalyst known as Hombikat 
UV-100, with a surface area of more than 250 m2/g and a crystal distribution of 100% 
anatase, was also used for limited batch experiments.  
 
3.1.2 Bacterial strains 
 
Escherichia coli K-12 (ATCC 10798), Pseudomonas fluorescens (ATCC 17575), 
Microbacterium sp. (ATCC 15283), Bacillus subtilis (ATCC 14410), Microbacteriaceae 
str. W7, Kocuria sp. KMM 3905, Gordonia terrae/ Actinomycetaceae and Paenibacillus 
sp. SAFN-007 were used for the batch inactivation studies. The former four species were 
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purchased from ATCC, while the latter four species were collected from outdoor air in 
Singapore and hence are relevant to the air of Singapore. These four species were 
collected using a six-stage sampler (Andersen, Atlanta, GA, USA) and identified to their 
respective closest relatives. Escherichia coli K-12 and Pseudomonas fluorescens are 
Gram-negative bacteria, while the rest are Gram-positive. Escherichia coli K-12 was 
used for the continuous inactivation experiments also. 
E. coli are facultative anaerobic, Gram-negative, straight, rod-shaped bacteria, 
which belong to the family Enterobacteriaceae and are commonly found in the human 
intestinal tract and feces. E. coli K-12 was chosen as the test species mainly because E. 
coli is the most investigated species, with its chromosome map known in detail (Harm, 
1980), and disinfection mechanisms well reported. This enables validation of the 
experimental approaches (including culturing the bacteria and knowing its growing 
characteristics) and comparison of results in this study with published articles. 
Pseudomonas fluorescens are Gram-negative, rod-shaped bacteria belonging to the 
family Pseudomonadaceae and are commonly found in soil and water. They can be used 
as a model for pathogenic bacteria Pseudomonas aeruginosa which cause infections of 
respiratory system. 
B. subtilis are Gram-positive, aerobic, rod-shaped and endospore-forming 
bacteria. They belong to the family of Bacillaceae, and are commonly found in soil and 
decomposing organic matter. Bacillus subtilis are prevalent in indoor air (An et al., 2004) 
and were chosen because they can be used as a model for studies on pathogenic bacteria 
such as Bacillus anthracis which cause anthrax (Zhou et al., 2002). In addition, they are 
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one of the most studied Gram-positive bacteria and have been used for several studies 
involving the disinfection of bioaerosols. An important feature of this species is that it 
belongs to the genera Bacillus which under severe experimental conditions can produce 
spores within their cells, called endospores. The bacteria spore contains a unique complex 
along with its dehydrated protoplast, which can mineralize to resist adverse physical and 
chemical agents. However, H2O2 and organic peroxides generated during photocatalytic 
process can penetrate the thick wall of spores to damage the cells (Blake et al., 1999).  
Microbacterium sp. belongs to the family Microbacteriaceae and consists of small 
diphtheroid, Gram-positive, rod-shaped organisms, which are mainly found in dairy 
products and the mammalian intestinal tracts. Microbacterium sp. was selected as this 
species has been known to be isolated from humidifiers, air samples in hospitals and 
commonly identified in indoor air (e.g., Alonso-Echanove et al., 2001).  They are yellow 
or orange pigmented, and commonly identified in indoor air sampling studies. 
Microbacteriaceae str. W7 belongs to the family Microbacteriaceae, of order 
Actinomycetales, class Actinobacteria and is an aerobic Gram-positive bacteria with a 
peptidoglycan defined by a B-type cross-linkage (Richert et al., 2005). Kocuria sp. KMM 
3905, which is classified under Actinobacteria and in the family of Micrococcaceae, is a 
Gram-positive, aerobic, non-motile coccoid. This species is found in the marine 
environment. Gordonia terrae/ Actinomycetaceae is a Gram-positive bacterium, 
belonging to the class Actinobacteria and order Actinomycetales. Paenibacillus sp. 
SAFN-007 are Gram-positive bacteria belonging to the family Paenibacillaceae. 
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3.1.3 Irradiation source 
 
In the batch photocatalytic experiments, an 18 W fluorescent lamp (NEC 6700K, 
TRI-PHOSPHOR T8, Japan), which is commonly used for room illumination with a 
wavelength range of 400-700 nm, was used as the light source. The fluorescent 
illuminance (3900 Lux) was monitored using a Luxmeter through the experiments. In 
addition to fluorescent lamp, two blacklight blue lamps (FL8BLB, Sanyo Denki, Japan) 
with a peak emission at 365 nm and an energy output of 8 W each were used as the light 
source for UV-A photocatalysis. A digital radiometer was used to determine the intensity 
of the UV-A light source of the blacklight blue lamps and the fluorescent lamp.  
For the continuous photocatalytic experiments, two blacklight blue lamps 
(FL8BLB, Sanyo Denki, Japan) in series arrangement with a peak emission at 365 nm 
and an energy output of 8 W each were used as the light source for the photocatalysis 
system. These two lamps housed in a quartz tube. On the surface of the quartz tube, a 
digital radiometer was used to determine the intensity of the UV-A light. 
 
3.2 Experimental set-up 
 
3.2.1 Batch inactivation system 
 
Figure 3.1 shows the schematic set-up of the batch inactivation system. The set-up 
comprised of an irradiation source clamped on top of a flexible support holding the 
bacterial samples in Petri dishes (three replicates) and placed inside a black-box to 
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minimize the penetration of light from outside. While the air inside the black-box was 
same as the air in the laboratory, the air was not in direct contact with the bacterial 
samples. With the lamp position at 8-9 cm above the bacterial samples on the filter 
membrane, the samples were exposed to an UV-A (365 nm) intensity of 4.28 and 0.013 
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Figure 3.1: Schematic diagram of the batch experimental set-up. 
 
3.2.2 Continuous inactivation system 
 
Figure 3.2a shows the schematic of the continuous disinfection sy
of an annular reactor, which is illustrated in detail in Figure 3.2b, with a
made of stainless steel (length: 42 cm, outer diameter: 6.35 cm, thicknes
an inner quartz cylinder (length: 70 cm, outer diameter: 2.5 cm, inner dia
A Teflon buffer containing a volume similar to the annular reactor w







n outer cylinder 
s: 2.6 mm), and 
meter: 2.2 cm). 
as employed to 
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premix bioaerosol and carrier air. A stainless steel mesh with a pore size of 55 µm was 
inserted at the inlet of the reactor to ensure a uniform flow of aerosolized bacteria in the 
reactor. Two hollow stainless steel supports for the catalyst-coated filters were designed 
to be inserted in the annular space of the reactor. Figure 3.2c shows the cross-sectional 
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Figure 3.2:  (a) Experimental set-up for continuous inactivation, (b) annular reactor and 
stainless steel filter supports, (c) cross-sectional view of the annular reactor. 
 
 
3.3 Experimental procedure 
 
3.3.1 Bacterial culture preparation 
 
Bacterial cells were inoculated in 10 ml of a Luria-bertani broth and incubated for 
16 hours at 121 rpm in a rotating water shaker at 260C and 370C for Pseudomonas 
fluorescens and the other strains, respectively. The cultured bacteria were centrifuged at 
4,000 rpm for 5 minutes before washing with an autoclaved 0.9% sodium-chloride 
solution twice and re-suspended in 50 ml of an autoclaved 0.9% sodium chloride 
solution. For the batch studies, the initial bacterial solution was then successively diluted 
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to 107 or 108 times using a 0.9% sodium chloride solution in order to achieve an average 
of 50 colonies on the Petri dish for a 50 ml solution used for incubation.  
For the continuous studies, the initial bacterial solution was successively diluted 
to 2000 times using a 0.9% sodium chloride solution. Between each dilution, the bacterial 
suspension was well stirred to ensure uniform mixing before around 22 ml of the diluted 
solution was placed in a BioAerosol Nebulizing Generator (BANG) (CH Technologies, 
USA). Throughout each experiment, the bacterial solution in BANG was maintained as a 
uniform suspension using a magnetic stirrer. Aerosolized bacteria all have certain stress 
(but not to death) although they still survive and continue to grow (Wu, 2008). This 
indicates that the estimated inactivation rate could be overestimated (best scenario for 
estimated inactivation constant, but worst scenario for reactor design) taking into account 
the potential stress experienced by bacteria during aerosolization processes 
 
3.3.2 Coating of membrane filter 
 
3.3.2.1 Batch studies 
 
For the control experiments without TiO2, a 50-ml aliquot of the earlier prepared 
bacterial solution was filtered through a cellulose acetate membrane filter (with an 
average pore size of 0.45 µm and a diameter of 47 mm) before the filter was placed in a 
sterile Petri dish. For the inactivation experiments with TiO2, 50 ml of the autoclaved 
TiO2 solution at a required concentration was first filtered, followed by immobilizing the 
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bacterial suspension onto the TiO2-loaded filters. To determine the amount of TiO2 
coated on each membrane filter, the membrane filters were weighed before and after the 
TiO2 impregnation process. Five tests showed an average TiO2 loading ranging from 234 
- 8662 (mg/m2), depending on the initial TiO2 suspension employed (Table 3.1).  
The uniformity of the TiO2 coating over the membrane filter surface was 
examined using scanning electron microscopy (SEM); Figure 3.3 shows that although 
some agglomeration was observed at a high TiO2 loading of 5778 mg/m2 (Figure 3.3d), 
Figures 3.3b-c show a relatively homogeneous TiO2 coating. The pore size of the coated 
membrane filters is expected to be reduced to less than 0.45 µm, which can completely 
eliminate of any chance of bacteria (≈ 1 µm) escaping through the pores of the filters. 
Assuming a uniform distribution, the thickness of the TiO2 coating on each membrane 









Table 3.1: TiO2 loading and the resultant thickness of the TiO2 coating on the membrane. 





Loading on the 
membrane filter 
surface (mg/m2)b 
Error in the loading 
(%) 
Thickness of the TiO2
coating on the 
membrane (nm)c 
  10   234    5.12  62 
  20   511   6.56                134 
  30    840 14.82                221 
  40 1116  5.35                294 
  60 1666  6.49                438 
  80 2297  2.03                605 
120 3490  1.13                919 
200 5778  1.04              1521 
300 8662  0.61              2279 
 
    a. The amount of the TiO2 solution impregnated on each membrane is 50 ml 
    b. The surface area of the membrane, on which TiO2 is being loaded, is 17.35 cm2 
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Figure 3.3: SEM 








   (a)                                          
15kV       ×6,000     2 µm    
 15kV       ×6,000     2 µm       
(c) (d) 
images (with a 6,000 magnification) of the membrane filters with a 
0 mg/m2, (b) 1116 mg/m2, (c) 3490 mg/m2, and (d) 5778 mg/m2. 
studies 
s fiber filters (pore size 1 µm, PALL, Gelman Laboratory, USA) with 
 device was employed by following the procedures reported by Ray 
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and Beenackers (1998). A dipping speed of 4 mm/sec followed by a 5-min drying using 
four infra-red lamps of 250 W each was performed to ensure even attachment of TiO2 
onto the filters. Table 3.2 shows that based on five to six tests for individual coating tests, 
TiO2 loading per dip was around 168 (± 10%) mg/m2, in average. Inactivation 
experiments were carried out at two TiO2 loadings, 960 and 1516 mg/m2 corresponding 
to 5 and 10 dips, respectively.  
Table 3.2: Numbers of dips and TiO2 coatings on filters 





loading per dip 
(mg/m2) 
5 960 192 
7 1130 161 
10 1516 151 
12 2010 168 
168 ± 10.3 % 
 
 
3.3.3 Inactivation procedure 
 
3.3.3.1 Batch studies 
 
Six irradiation durations of 0, 15, 30, 45, 60 and 120 minutes were employed to 
examine the efficiency of the batch photocatalytic inactivation. As mentioned earlier, 
triplicate measurements were taken for each experiment. The temperature and the relative 
humidity in the black-box, which were measured before and after individual experiments, 
were reasonably constant throughout the experiment. After irradiation, filters were 
immediately removed from the Petri dishes and placed face-down on agar plates. For E. 
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coli K-12 and Pseudomonas fluorescens, eosin methylene blue (EMB) agar plates were 
used, while tryptic soy agar (TSA) was used for Microbacterium sp., Paenibacillus sp. 
SAFN-007 and Bacillus subtilis, and R2A agar was used for Microbacteriaceae str. W7, 
Kocuria sp. KMM 3905 and Gordonia terrae/ Actinomycetaceae. 
After the inactivation experiments, all the plates were sealed with wax tapes and 
placed in an incubator at 260C and 370C for Pseudomonas fluorescens and the other 
bacterial strains, respectively. The colonies were then counted using a colony counter 
provided with a magnifying glass daily on days 2 through 5, and on the 10th day, to 
check for any regrowth of the colonies. For all the species, the growth of colonies was 
complete within 3 days of incubation but in just one among an average of six 
experiments, E. coli K-12 and Microbacterium sp. showed new growth of colonies in 2-3 
of the 18 Petri dishes on the fifth day. However, after 5 days, no new bacterial colony 
was observed; it is evident that the revival of bacteria exposed to heterogeneous 
photocatalytic inactivation after 5 days in dark was insignificant, which can be due to 
irreversible cell damage.  
 
3.3.3.2 Continuous studies 
 
To nebulize a continuous flow of airborne bacteria into the annular reactor, 
purified air was blown through the BANG. The Teflon container/buffer was employed to 
premix bioaerosol stream and additional air, as well as to control relative humidity (RH) 
to be introduced into the annular reactor. In addition to monitoring RH prior to the inlet 
of the reactor using a thermo-hygrometer (37950-03, Cole Parmer, USA), RH at the exit 
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of the reactor with UV-A light in operation was also measured by passing de-ionized 
water in absence of bacteria to represent the RH within the reactor during actual 
disinfection experiments. The flow of bioaerosols and additional fresh air were adjusted 
using mass flow controllers to maintain a constant RH in the reactor. The reactor was 
operated at an air flow rate of 1 l/min. 
At the reactor outlet, bacteria were collected onto Eosin Methylene Blue (EMB) 
agar plates using a single stage Anderson sampler (Andersen N6, CIH Equipment 
Company, USA) collecting particle size of 0.65-1 µm. As a safety measure, the effluent 
air passes through an impinger containing a bactericidal solution before it is released to 
the atmosphere. The entire experimental set-up was placed inside a black box to eliminate 
any influence of the external light source. Upon collection of the bacteria from the 
sampler every 2 min, all the plates were sealed and placed in an incubator at 37oC. The 
colonies were counted after 24 hours of incubation and then daily for 4 consecutive days 
to examine potential re-growth of colonies.  
Freshly coated filter were used for every experiment. After each experiment, the 
reactor was cleaned with dry air and 70% ethanol to minimize contamination from an 
earlier experiment. Triplicate measurements of each inactivation test were taken resulting 






3.3.4 Control experiments for batch photocatalytic studies 
 
To determine the background interference, two types of control experiments were 
carried out; one was conducted without the light source, and the second type of control 
experiment was conducted with light, but in the absence of TiO2. Also, for the continuous 
experiments, adsorption equilibrium of the airborne bacteria on the TiO2 coated 
membrane filter was first obtained prior to inactivation. 
The bacterial inactivation efficiency followed 1st order kinetics with respect to 
bacterial colony count (Nt), which is shown by Equation (3.1),  
 
ln (Nt/N0) = - kt                       (3.1) 
 
Here,  Nt = the number of Colony Forming Units (CFUs) after irradiation for t min. 
         N0 = the number of CFUs at 0 min. 
 k = the inactivation rate constant.  
Nt/N0 = survival ratio   
     
The survival ratio was calculated by normalizing the resultant CFUs on any plate to that 
on the plate without exposure to light. This ratio was compared under different durations 
of exposure to photocatalytic treatment and catalyst loadings to determine the 




RESULTS AND DISCUSSION 
 
4.1 Batch photocatalysis 
 
4.1.1 Bacteria inactivation under fluorescent irradiation without TiO2  
 
Eight different control experiments exposing the eight immobilized bacterial 
strains with 1116 mg/m2 of TiO2 to a dark environment up to two hours showed that the 
average colony counts for all the eight bacterial strains varied insignificantly with little 
deviation (standard deviation of 0-10 %) (not shown). Hence, in the absence of 
fluorescent light, bacteria impregnated on a membrane surface seemed to be insensitive 
to TiO2. Without TiO2, the exposure to fluorescent irradiation appeared to inactivate 
various strains of bacteria. Figure 4.1 shows that in two hours, around 40-50% of E. coli 
K-12, Pseudomonas fluorescens, Gordonia terrae/ Actinomycetaceae, Kocuria sp. KMM 
3905 and Paenibacillus sp. SAFN-007 were inactivated. While Microbacteriaceae str. 
W7 showed negligible inactivation (data not shown), 20% of Bacillus subtilis and only 
13% of Microbacterium sp. were inactivated.  
The observed inactivation in the absence of TiO2 could be due to the small 
fraction of UV-A emitted from the fluorescent light; it has been reported that exposure to 
UV-A can form reactive oxygen radicals within the cells, which cause oxidative stress 
and lead to cell damage (Kuhn et al., 2003). In addition, long wavelength UV light (i.e., 
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320-400 nm) has been reported to damage organisms mainly by exciting photosensitive 
molecules within the cell, thus producing active species, such as O2·¯, H2O2, and ·OH, to 
adversely affect the genome and other intracellular molecules sublethally or lethally 
causing cell mutations, growth delay, etc. (Oguma et al., 2002).  
Time of exposure to fluorescent light (min)























Paenibacillus sp. SAFN-007 
Pseudomonas fluorescens
Gordonia terrae/ Actinomycetaceae 
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Figure 4.1: Survival ratios as a function of exposure duration (without TiO2) for E. coli 
K-12, Pseudomonas fluorescens, Microbacterium sp., Paenibacillus sp. SAFN-007, 
Kocuria sp. KMM 3905, Gordonia terrae/ Actinomycetaceae and Bacillus subtilis. The 










4.1.2 Bacteria inactivation under fluorescent irradiation and TiO2 (Degussa P25) 
As mentioned earlier, the inactivation of bacteria in the presence of TiO2 
irradiated by fluorescent light exhibited first order reaction kinetics. The extent of 
inactivation increased with increased exposure to fluorescent light for all the bacteria. 
However, the variation in the inactivation rate constant with an increase in the TiO2 
loading was different for the different bacteria. Because E. coli is the most investigated 
species with known chromosome map in detail (Harm, 1980), to compare and validate 
the experimental approaches in this study with the published literature, E. coli K-12 was 
selected to examine the inactivation efficiency of fluorescent light irradiated TiO2 
catalysts. Figure 4.2 shows the inactivation of E. coli K-12 at 0, 15, 30, 45, 60 and 120 
minutes with six UV-A dosages (0, 11.7, 23.4, 35.1, 46.8 and 93.6 mJ/cm2).  
Time of exposure to fluorescent light (minutes)
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Figure 4.2: Photocatalytic inactivation of E. coli K-12 at various TiO2 loadings. Each 
point is an average of triplicate experiments. 
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An increase in the TiO2 loading from 234 - 1666 mg/m2 increased the inactivation 
efficiency of E. coli K-12 (Figure 4.2). With a TiO2 loading of 234 mg/m2, over 98% of 
E. coli K-12 was inactivated within 60 minutes (46.8 mJ/cm2) of fluorescent irradiation. 
When a larger TiO2 loading of 1666 mg/m2 was employed, over 96% of the bacteria were 
inactivated within 15 minutes of exposure, and all the bacteria were inactivated after a 
30-minute or longer exposure. This is encouraging because a UV-A intensity of only 
0.013 mW/cm2 available in the fluorescent irradiation yielded an inactivation efficiency 
comparable to that achieved by Huang et al. (2000), who reported the damage of cell 
walls of E. coli within 20 minutes of exposure to UV-A light at 0.8 mW/cm2 in presence 
of TiO2. 
Because a higher TiO2 loading may enhance the generation of reactive oxygen 
species (ROS), causing damage to the cell wall, the cytoplasmic membrane, and other 
intracellular components, the resultant inactivation rate was substantially increased. This 
is consistent with previous studies that higher inactivation of E. coli in an aqueous 
medium was observed when higher TiO2 concentrations were used with UV-visible 
radiation longer than 380 nm (Wei et al., 1994), or under UV-A irradiation (Cho et al., 
2004). It is interesting to note that in this study, photon limitation did not occur at a high 






4.1.3 Inactivation of all bacteria 
 
 Figure 4.3 shows that most Gram-negative bacteria were inactivated with a TiO2 
loading of less than 2000 mg/m2, while the Gram-positive bacteria appeared to be more 
resistant to the fluorescent light-TiO2 induced damage (Figure 4.3a). E. coli K-12 and 
Pseudomonas fluorescens (i.e., Gram-negative bacteria) showed the highest inactivation 
rate (0.0078-0.2442 min-1) among all the tested bacterial strains, which agrees well with 
other studies that the inactivation efficiency of Gram-negative bacteria, such as E. coli, 
was higher than that of Gram-positive bacteria, such as S. aureus, E. faecium (Kuhn et 
al., 2003), and L. helveticus (Liu and Yang, 2003). Although the determination of the 
exact mechanism of photocatalytic inactivation of bacteria is beyond the scope of the 
present study, it can be inferred that the thicker cell wall of Gram-positive bacteria could 
better protect them from ROS attack than Gram-negative bacteria. Gram-negative 
bacteria have a complex cell wall structure with plasma membranes surrounded by a 30-
Å thick peptidoglycan wall, which is further covered by an 80 Å outer membrane, 
consisting of a mosaic of proteins, lipids and lipopolysaccharides, whereas the plasma 
membrane of Gram-positive bacteria is surrounded by a cell wall of typical thickness 
~250 Å, composed of peptidoglycan and techoic acid (Matsunaga et al., 1985). Hence, 
during heterogeneous photocatalysis, a thicker cell wall likely results in lower 
inactivation. Alternatively, since the cell wall structure of Gram-negative bacteria is more 
complex than that of Gram-positive bacteria and Gram-negative bacteria in this study 
responded better for photocatalytic inactivation, it may indicate that cell wall destruction 















































































Figure 4.3: (a) Inactivation rate constant vs. the TiO2 loading for Gram-negative and 
Gram-positive bacteria, (b) Inactivation rate constant vs. the TiO2 loading for Gram-
positive bacteria, enlarged from (a). 
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Cell membrane damage due to loss of potassium ions, proteins and RNA from 
bacterial cells or as an increase in intracellular calcium ions may be a reason behind the 
inactivation (Liu and Yang, 2003). On the other hand, as reported by Wamer et al. 
(1997), free radicals generated from photocatalysis can react with the nucleic acids of the 
cell. It is also possible that reactive radicals are absorbed by the peptidoglycan layer of 
the Gram-positive bacteria without doing any fatal damage, while the opposite might be 
true for the Gram-negative bacteria. The experimental results in this work, which agree 
with those of Liu and Yang (2003), indicate that Gram-positive and Gram-negative cells 
may undergo different mechanisms of photocatalytical inactivation, warranting further 
research of the radical-cell chemical reactions. 
Figure 4.3a shows that the inactivation rate constant for Pseudomonas fluorescens 
increased with an increase in the TiO2 loading to reach an optimum at a loading of 840 
mg/m2, after which it dramatically decreased at a loading of 1666 mg/m2. To better 
examine the inactivation rates among the four Gram-positive bacteria, Figure 4.3b 
(enlarging the trends of Gram-positive bacteria shown in Figure 4.3a) shows that the 
inactivation rate constant of Gram-positive bacteria Paenibacillus sp. SAFN-007 and 
Microbacteriaceae str. W7 reached a maximum at 1666 mg/m2 with a corresponding 
thickness of the TiO2 coating on the membrane of 438 nm (Table 3.1). Since the 
wavelength of UV-A light is in the range of 320-400 nm with peak wavelength of 365 
nm, a thin TiO2 coating of 62 and 134 nm may not completely absorb light of 365 nm 
(Chen et al., 2001), whereas a thicker TiO2 coating in the range of 134-438 nm (Table 
3.1), could completely absorb the incoming UV-A. Nevertheless, further increases in the 
TiO2 loading with agglomeration of TiO2 on the filter surface could reduce activation 
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efficiency. With increasing TiO2 concentration, terminal reactions such as reactions (4.1) 
and (4.2) shown below would cause the formation of less reactive hydroperoxyl radicals 
(HO2·) and decrease the bacterial inactivation efficiency (Rincon and Pulgarin, 2003). 
 
·OH + ·OH → H2O2                                                                      (4.1) 
 
H2O2 + ·OH → H2O + HO2·          (4.2) 
 
Interestingly, unlike other Gram-positive bacteria shown in Figure 4.3b, the 
inactivation rate constant of Bacillus subtilis (in hollow triangle symbols) reached a 
plateau at a loading higher than 2297 mg/m2 (Figure 4.3b). The stronger resistance of 
Bacillus subtilis to inactivation could be due to its transformation into endospores and 
becoming insensitive to the changes in the environment (e.g., increases in the TiO2 
loading). Although in the absence of TiO2, two hours of exposure to fluorescent light 
inactivated ~ 21% of the Bacillus subtilis (Figure 4.1), the presence of TiO2 with loadings 
up to 8662 mg/m2 only inactivated around 53% of the bacteria (data not shown) 
suggesting that Bacillus subtilis were little affected by either fluorescent (with a small 
amount of UV-A) irradiation or increased TiO2 loading. This can be supported by Kuhn 
et al. (2003), who reported that the spores of Bacillus subtilis were well resistant to 60 
minutes of UV-A photocatalytic treatment. It is interesting to note that 
Microbacteriaceae str. W7 did not show inactivation until a high TiO2 loading of 1116 
mg/m2 was employed, indicating that this bacterium is highly resistant to photocatalytic 
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inactivation (Figure 4.3b). For Microbacterium sp. and Microbacteriaceae str. W7, one 
log10 inactivation was obtained after 2 hours of light exposure at all TiO2 loadings, while 
for Paenibacillus sp. SAFN-007, the same inactivation occurred in the TiO2 loading 
range of 1116-1666 mg/m2, while 100% inactivation of Pseudomonas fluorescens was 
obtained after 45 minutes of exposure to light at a TiO2 loading of 840-1666 mg/m2 
(Appendix A).    
The inactivation rate constant for Gordonia terrae/Actinomycetaceae, which was 
collected from outdoor air in Singapore, attained a maximum at a TiO2 loading of 1116 
mg/m2. Its optimum inactivation rate constant is smaller than E. coli K-12, suggesting 
that Gordonia terrae/Actinomycetaceae might develop some resistance to disinfection in 
the presence of sunlight. Since this is the first photocatalytic study on Gordonia 
terrae/Actinomycetaceae, Microbacteriaceae str. W7 and Kocuria sp. KMM 3905, 
further investigation is needed. 
 
4.1.4 Comparison of fluorescent light inactivation with UV-A inactivation 
 
 Limited experiments were carried out using UV-A at intensity of 4.28 mW/cm2 
for Gram-negative E. coli K-12 and Gram-positive Bacillus subtilis and Microbacterium 
sp., all purchased from ATCC. Table 4.1 shows that regardless of the light sources, the 
inactivation rate constant increased with an increase in the TiO2 loading (up to 840 
mg/m2), although the fluorescent light (with a small UV-A intensity of 0.013 mW/cm2) 
yielded inactivation rate constants much smaller than UV-A inactivation (at a light 
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intensity of 4.28 mW/cm2). This is expected because the UV-A intensity was about 330 
times higher than the UV-A available in the fluorescent light. Although both Bacillus 
subtilis and Microbacterium sp. were more resistant to photocatalytic treatment than E. 
coli K-12, they were more greatly affected by the higher UV-A intensity (Table 4.1), and 
the effect was slightly higher in the absence of TiO2 (loading of 0 mg/m2). In the 
presence of TiO2, the inactivation rates were higher by a factor of 2.57-56, in particular 
for the Gram-positive bacteria (Bacillus subtilis and Microbacterium sp.) (Table 4.1). 
These results indicate two possibilities: (i) the reactions of ·OH radical and other reactive 
species may slightly inactivate the Gram-positive bacteria compared to direct damage by 
exciting photosensitive molecules within cells, (ii) 0.013 mW/m2 of UV-A light available 
in the fluorescent light is source sufficient to excite the TiO2 loading used in this study.  
By employing a UV-A intensity of 5.5 mW/cm2 and a TiO2 suspension of 0.1 g/l, 
Ibanez et al. obtained a first-order inactivation rate constant of 0.29 min-1 for E. coli K-
12. These rate compares well with the rate obtained in this work (Table 4.1) using TiO2 
concentration of 0.03 g/l (which corresponds to a 840 mg/m2 loading on the membrane 
surface) and UV-A intensity of 4.28 mW/cm2), indicating the consistency of the UV-A 
photocatalytic inactivation of the microorganisms, and the possibility of scaling-up the 
process. Photocatalytic inactivation experiments on E. coli K-12 at a UV-A intensity of 
0.013 mW/cm2 have been carried out to understand whether only the UV-A fraction in 
the fluorescent light is responsible for bacterial inactivation. Similarly, Paenibacillus sp. 
SAFN-007 showed a higher inactivation rate under UV-A than under fluorescent light 
(Appendix B).   
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Table 4.2 shows that for both fluorescent and UV-A lamps at the same UV-A 
intensity (0.013 mW/cm2 (365 nm)), percentage inactivation of E. coli K-12 increased 
with increasing TiO2 loading. At TiO2 loadings of 234, 840 and 1666 mg/m2, since both 
lamps showed comparable inactivation results, the photocatalytic inactivation using 
fluorescent light can be mainly attributed to the UV-A fraction emitted by the lamp. 
However, in absence of TiO2 (loading of 0 mg m2), UV-A lamp shows a superior 
inactivation of E. coli K-12, suggesting that the presence of TiO2 can substantially 
enhance the inactivation capability of fluorescent lamp.   
 
Table 4.1: Inactivation rate constants of E. coli K-12, Microbacterium sp. and Bacillus 
subtilis using UV-A and fluorescent light photocatalysis 
 
First-order inactivation rate constants (k) in min-1 
Fluorescent light  inactivation 


















0 0.009 0.0022 0.005 0.175 0.1279 0.171 
234 0.070 0.0027 0.027 0.180 0.1263 0.238 
511 0.097 0.0032 0.031 0.243 0.1807 0.262 
840 0.129 -a 0.018 0.290 0.1979 -b 
 
a. Data not available 
b. Experimental error 
 
 54
Table 4.2: Percentage of inactivation of E. coli K-12 at various TiO2 loadings after 15 
minutes of exposure to fluorescent and UV-A lamp, both at an UV-A intensity of 0.013 
mW/cm2 and 365 nm 
 
Percentage of E. coli K-12 inactivated after 15 minutes of UV-A 
exposure at intensity of 0.013 mW/cm2 
TiO2 loading 
(mg/2) Fluorescent lamp UV-A lamp 
0 28 47 
234 56 62 
840 88 91 
1666 97 96 
 
 
4.1.5 Comparison of photocatalytic inactivation between two TiO2 catalysts, Degussa 
P25 and Hombikat UV-100 
 
            Limited experiments were carried out using another TiO2 photocatalyst Hombikat 
UV-100 for Gram-positive bacterium Paenibacillus sp. SAFN-007, at the TiO2 loadings 
of 234, 511, 1116 and 1666 mg/m2. The source of irradiation of the catalyst was 
fluorescent lamp, emitting a small fraction of UV-A of 0.013 mW/cm2 (365 nm). Table 
4.3 shows that the two commercial TiO2 powders may have different sensitivity to the 
incident UV-A light; Hombikat UV-100 appear to be less active than Degussa P25. At 
the TiO2 loading larger than 1116 (mg/m2), the photocatalytic activity of Degussa P25 is 
1.83-5.41 times higher than that of Hombikat UV-100 (Table 4.3).       
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Table 4.3: Inactivation rate constant k, of Paenibacillus sp. SAFN-007 using Hombikat 
UV-100 and Degussa P25 with fluorescent light emitting a small fraction of UV-A 
intensity of 0.013 mW/cm2 at 365 nm. The exposure duration was up to 2 hours 
 
TiO2 loading  
(mg/m2) 
k (min-1) using Hombikat 
UV-100 
k (min-1) using Degussa P25 
234 0.0165 Experiment not done 
511 0.0103 0.0189 
1116 0.0067 0.0246 
1666 0.0058 0.0314 
 
          Rincon and Pulgarin (2003) reported that a mixture of anatase and rutile showed 
better photocatalytic activity than anatase or rutile alone. Since Degussa P25 is a mixture 
of 80% anatase and 20% rutile, it is not surprising that Degussa P25 exhibited a higher 
inactivation efficiency than Hombikat UV-100 (100% anatase). Although Ibrahim and 
Lasa (2002) reported that Degussa P25 and Hombikat UV-100 gave similar 
photodegradation rate of decomposing acetone, the inactivation mechanisms of bacteria 
can substantially differ from the degradation of volatile organic compounds.   
 
TiO2 mediated heterogeneous photocatalysis initiates oxidation of bacteria 
deposited on catalyst surface, forming carbon dioxide (Jacoby et al., 1998; Wolfrum et 
al., 2002). Such oxidation may take place in the following steps: (i) TiO2 photocatalysis 
causes initial oxidative damage to cell walls, which enables oxidative damage of 
underlying cytoplasmic membrane. If free TiO2 particles entered into membrane-
damaged cells, cell death may be accelerated (Huang et al., 2000). (ii) Polyunsaturated 
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phospholipids are an integral component of the bacterial cell membrane. TiO2 
photocatalysis has been reported to cause lipid peroxidation leading to loss of normal 
functions associated with an intact membrane, such as respiratory activity (Maness et al., 
1999).  A close linear correlation between the amount of ·OH and the extent of 
inactivation indicates that ·OH produced during TiO2 photocatalysis can be the major 
species responsible for E. coli inactivation (Cho et al., 2004). Based on the suppressive 
effects of ·OH scavengers on photocatalytic disinfection processes, Dadjour et al. (2005) 
reported that ·OH were dominantly involved in the process. Additionally, as reported by 
Zhao and Yang (2003), for photocatalytic oxidation, the anatase crystal of TiO2 is 
superior to rutile as the conduction band location of anatase is comparatively more 
favorable to drive conjugate reactions involving electrons and also very stable surface 
peroxide groups can be formed on the anatase surface rather than the rutile surface.  
 
              TiO2 mediated photocatalysis of bacteria can also be due to the conduction band 
holes (Draper and Fox, 1990). As reported by Macak et al. (2007), organic molecules can 
be decomposed by holes essentially via two closely related paths, through direct 
oxidation of the holes or by ·OH formed from reaction of the holes and water. However, 
dominant reactants during various photocatalytic reactions need to be determined; for 
example, by examining a TiO2 photocatalytic oxidation of arsenite system, Yoon and Lee 
(2005) concluded the conduction band holes to be the major oxidants whereas Lee and 
Choi (2002) proposed superoxide ions (O2-·) as the dominant oxidant.  Although Dutta et 
al. (2005) concluded OH as the major oxidants for arsenite, they excluded the oxidation 
effects of conduction band holes.  Hence, similar to these studies, the major oxidants 
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responsible for the inactivation of bacteria during the photocatalytic disinfection need to 
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4.2 Continuous photocatalytic studies 
 
4.2.1 Establishment of adsorption equilibrium 
 
To determine the adsorption equilibrium of E. coli K-12, triplicate measurements 
were carried out using filters coated with a constant TiO2 loading of 1516 mg/m2 and at a 
RH of 94.5%-99.5% in the absence of UV-A. At a flow rate of 1 lpm, the adsorption of 
airborne bacteria appeared to reach equilibrium after around 90 min as shown in Figure 
4.4. Although two additional flow rates of 1.2 and 1.5 lpm (± 1%) were also tested (not 
shown), 1 lpm with a resultant residence time of 1.1 min was chosen to conduct 
subsequent experiments for the satisfactory adsorption equilibrium with a steady state 
count of bioaerosol. That is, in absence of UV-A, ~ 40% of bacteria is lost due to 
adsorption on the TiO2 coated filter and the inner wall of the reactor.  Hence, for all the 
photocatalytic inactivation experiments, UV-A was switched on after 90 min of bacterial 
flow.  The data before 70 min in Figure 4.4 were truncated for two reasons: (1) the 
system required around 70 min to be stabilized, and (2) the significant adsorption 





















TiO2 loading: 1516 mg/m
2
Relative humidity: 97 ± 2.5%
 
Figure 4.4: Triplicate measurements of adsorption and loss of E. coli K-12 as a function 
of lapse time (min) under the condition of TiO2 loading of 1516 mg/m2, relative humidity 
of 97 ± 2.5%, air flow-rate of 1 lpm, and in darkness.  
 
 
4.2.2 Effect of UV-A intensity on the inactivation of E. coli K-12 
 
Figure 4.5 shows that at a constant TiO2 loading of 1516 mg/m2 and a constant 
RH (85 ± 4.7%, n = 6), inactivation rate of E. coli K-12 increased with increasing UV-A 
intensity changing from 0.5 to 3.4 mW/cm2. This is consistent with Goswami et al. 
(1997) who observed that stronger UV-A intensity led to higher destruction rates of 
Gram-negative bacterium Serratia marcescens in a recirculating duct system. With 
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increase in time of exposure to UV-A, concentration of bacteria at the outlet of the 
reactor showed an exponential decay and for all four tested intensities, the outlet bacteria 
concentration reached zero after (maximum) 15 min of UV-A exposure. This means that 
depending on the intensity, the UV-A lamp reached maximum power after it was turned 
on for (longest) around 15 min generating sufficient hydroxyl radicals (·OH) and ROS to 
fully inactivate the aerosolized bacteria entering the reactor. After the steady-state count 
of bacteria in the reactor, lapse time represents the time in series when the UV-A lamp 
was switched on and measurements of remaining bacteria at the outlet of the reactor were 
taken. The trends in bacteria at the outlet were mainly to show that the reactor system can 

























Figure 4.5: Survival ratio (Nt/N0) of E. coli K-12 as a function of lapse time (min) under 




4.2.3 Effect of TiO2 loadings on the inactivation of E. coli K-12 
Figure 4.6 shows that an increase in the TiO2 loading from 0 to 1516 mg/m2 
enhanced the inactivation of E. coli K-12. Without TiO2, the observed inactivation should 
be attributed to exposure to UV-A. This is expected because Oguma et al. (2002) reported 
that UV light of wavelength 320-400 nm damages organisms mainly through exciting 
photosensitive molecules within cells, thus producing ROS to adversely affect the 
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genome and other intracellular molecules. This can sublethally or lethally cause cell 
mutations, growth delay, etc.  
Relative to the inactivation without TiO2, the higher inactivation rates at TiO2 
loadings of 960 and 1516 mg/m2 are expected because under irradiation of UV-A, TiO2 
can generate a large amount of ·OH, which is a potential biocide with strong oxidation 
potential and nonselective reactivity (Ireland et al., 1993). This may agree with Cho et al. 
(2004), who derived a linear correlation between the amount of ·OH and the extent of E. 
coli inactivation by measuring photocatalytic degradation rates of a probe compound, p-
chlorobenzoic acid and its literature bimolecular rate constant with ·OH radicals, during 
UV illumination of TiO2 suspensions (in liquid medium). Their results demonstrated an 
excellent linear correlation between steady-state concentrations of ·OH radicals or 
[·OH]ss and the inactivation rates of E. coli indicating that ·OH radical is the primary 





















TiO2 loading:        0 mg/m
2
TiO2 loading:    960 mg/m
2
TiO2 loading:  1516 mg/m
2
 
Figure 4.6: Effect of TiO2 loading on inactivation of E. coli K-12 under UV-A intensity 
of 3.4 mW/cm2, relative humidity of 85 ± 4.7%, and flow rate of 1 lpm. 
 
 
4.2.4 Effect of relative humidity on the inactivation of E. coli K-12 
 
Figure 4.7(a) shows that in absence of TiO2, three RH of 51 ± 0.61%, 72 ± 2.5% 
and 85 ± 4.7% resulted in similar inactivation rates of E. coli K-12. This indicates that 
direct oxidation induced by UV-A lamp switched on for around 13 min could fully 
inactivate E. coli K-12 over a wide range of RH.  
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Unlike Figure 4.7(a), it is not surprising that photocatalysis (or photo-degradation 
with TiO2 assisted loading of 1516 mg/m2) resulted in faster inactivation of bacteria 
compared to photolysis (in absence of TiO2) at all RH (Figure 4.7(b)); this is because the 
presence of TiO2 generated more ROS and ·OH radicals. It is known that upon irradiation 
with photons of wavelength less than or equal to 385 nm, TiO2 forms e- (electrons) and h+ 
(holes). The electrons react with oxygen to form other ROS, such as O2·¯, HO2· and 
H2O2, and the holes react with water attached on TiO2 to form ·OH radicals (equation 
4.3) (Huang et al., 1998). 
 
H2O + h+ → ·OH + H+                            (4.3) 
 
Since under the same temperature, higher RH indicates more water molecules in 
air, which can enhance production of ·OH, RH of 85% is expected to achieve faster 
inactivation during TiO2-assisted photocatalysis. Figure 4.7(b) shows that 4 min after the 
UV-A was turned on, more than 70% of the incoming bacteria were inactivated at RH of 
85%, while only around 40% was inactivated at RH of 51%. Compared to 51% RH, 
faster inactivation of bacteria at RH of 72% and 85% suggests that at locations with 
higher humidity, TiO2-assisted photocatalysis can be more effective or more energy 
efficient during inactivation of bioaerosols.  
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Figure 4.7: Effect of RH on inactivation of E. coli K-12 at a UV-A intensity of 3.4 
mW/cm2 (a) without TiO2, and (b) at TiO2 of 1516 mg/m2. 
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It is interesting to note that Ko et al. (2000) suggested an RH below 75% for 
maximum inactivation of airborne bacteria since higher RH could increase size of 
bioaerosol particles (including bacterial cells), due to greater retention of intracellular 
moisture at higher RH, which subsequently reduced inactivation efficiencies under UV 
irradiation. However, relative to UV-A employed in this study, their experiments were 
conducted using UV-C, which has limited penetrating characteristics, and enlarged 
bioaerosol particles at higher RH could decrease sensitivity of microorganisms to UV-C. 
Goswami et al. (1997) studied photocatalytic inactivation of Serratia marcescens in a 
recirculation duct system using UV-A and TiO2 coated on fiberglass filters for air 
conditioning; they observed that increase in RH from 30% to 50%, significantly 
enhanced the inactivation rate. However, differing from our results, at a higher RH of 
85%, around 10% of the microorganisms were still viable. This could be that Serratia 
marcescens prefers an environment with high RH, in particular at RH above 80% 
(Lighthart et al., 1971). Taken together, while UV-A is a better light source for 
photocatalytic inactivation, to achieve satisfactory disinfection of bioaerosol, the optimal 
RH would depend on bioaerosol species.  
To explore the potential applicability of the characterized parameters to actual 
HVAC systems, Figure 4.8 shows the application of Langmuir-Hinshelwood model to 
demonstrate effects of RH on the TiO2 mediated photocatalytic inactivation. Since 
equation 4.3 shows that the generated ·OH concentration is proportional to the 




r = - dC/dt = k’KC/(1 + KC)                                 (4.4) 
 
or, 1/r = 1/k’KC + 1/k’,          (4.5) 
 
where r is the initial reaction rate, C is the concentration (here RH), k’ is the intrinsic rate 
constant and K is the apparent equilibrium constant. Based on limited data points, Figure 
4.8 shows a reasonable linear relationship between 1/r and 1/[RH] with an R2 value of 
0.96. It should be noted that, however, such a correlation may only apply to inactivation 
of E. coli K-12. 
1/[RH] (%-1)















Figure 4.8 : Langmuir-Hinshelwood model applied to kinetic studies on effect of relative 
humidity. Here ‘r’ is the initial rate of inactivation of E. coli K-12, obtained from Figure 
4.7, at RH 51, 72 and 85%. 
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4.2.5 Comparison between batch and continuous reaction studies 
 
 In the previous batch photocatalytic study, over 97% of inactivation of E. coli K-
12 was obtained after 15 min of exposure to a fluorescent light (with a UV-A emission of 
0.013 mW/cm2) and TiO2 catalyst (1666 mg/m2). Employing similar irradiation 
conditions (0.015 mW/cm2 UV-A and 1516 mg/m2 TiO2) in the continuous reaction 
system in this study, over 98% of E. coli K-12 was inactivated after 15 min. This 
indicates that under a TiO2 loading (around 1516-1666 mg/m2) with a UV-A intensity of 
0.015 mW/cm2, a continuous flow system yields comparable inactivation efficiency as 
the batch reaction system. While the batch kinetic studies with different loadings of TiO2 
in the range of 230-1660 mg/m2 indicated linear relationship between inactivation rates of 
E. coli K-12 and TiO2 loading, the continuous flow reactor data for initial 15 minutes of 
irradiation showed Nt/N0 profile to be exponential with respective to time, similar to 
batch inactivation. This comparison indicates photocatalytic inactivation of bacteria is 
chemical in nature and can be scaled up accordingly. 
 
4.2.6 Establishment of rate equation using nonlinear regression analysis 
 
 An empirical kinetic model for the photocatalytic inactivation of E. coli K-12 
appropriate to describe the experimental data is developed based on nonlinear regression 
analysis (Behnajady and Modirshahla, 2006), incorporating parameters of UV-A 
intensity, TiO2 loading, and RH with a residence time of 1.1 min in the photo-reactor. 
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This model shows the dependence of inactivation efficiencies for individual tested 
parameters (UV-A intensity, TiO2 loading and Relative Humidity). 
 
The generic kinetic model can be represented as shown in Equation (4.6). 
 
k3 = f(I, [TiO2], [RH])          (4.6) 
 
where, k3, I, [TiO2] and [RH] represent inactivation rate constant for continuous reaction 
system, UV-A intensity, TiO2 loading, and relative humidity respectively. The apparent 
initial inactivation rate constants kap corresponding to each parameter have been 
calculated from Figures 4.5 - 4.7. 
Figure 4.9 shows the effect of UV-A intensity on kap at a constant TiO2 loading of 
1516 mg/m2 and RH of 85%. The nonlinear trend between k3 and UV-A intensity can be 
modeled using the following empirical relationship: 
 
k3 0.0141 I2 - 0.0352 I + 0.051               (4.7) 
 
Figure 4.10 shows the effect of TiO2 loading on kap at constant UV-A intensity of 3.4 
mW/cm2 and RH of 85%. The nonlinear trend between k3 and TiO2 loading can be 




 k3 8.9×10-8 [TiO2]2 - 8.4×10-5 [TiO2] + 0.031              (4.8) 
 
Similarly, Figure 4.11 shows the effect of RH on kap at constant UV-A intensity of 3.4 
mW/cm2 and TiO2 loading of 1516 mg/m2 and the corresponding trend between k3 and 
RH can be modeled as follows: 
 
k3 0.1823 [RH] – 0.0598                      (4.9) 
 
Intensity, I (mW/cm2)
















kap = 0.0141 I





Figure 4.9: Effect of UV-A light intensity on the initial inactivation rate constant of E. 
coli K-12 at a constant TiO2 loading of 1516 mg/m2 and RH of 85% 
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Figure 4.10: Effect of TiO2 loading on the initial inactivation rate constant of E. coli K-
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Figure 4.11: Effect of RH on the initial inactivation rate constant of E. coli K-12 at a 




 Taking the obtained coefficients from equations 4.7-4.9, the empirical function 
can be described as  
 
k3 = k0 × (0.0141 I2 - 0.0352 I + 0.051) × (8.9×10-8 [TiO2]2 - 8.4×10-5 [TiO2] + 0.031) ×  
 
      (0.1823 [RH] – 0.0598)                     (4.10) 
 
 
Based on experimental values of UV-A intensity, TiO2 loading and RH, k0 is obtained as 
86.6177. Using the value of k0 in Equation 4.10, gives us the final form of the kinetic 
model (Equation 4.11).  
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k3 = 86.6177 × (0.0141 I2 - 0.0352 I + 0.051) × (8.9×10-8 [TiO2]2 - 8.4×10-5 [TiO2] + 
0.031) × (0.1823 [RH] – 0.0598)                             (4.11) 
 
It is not surprising that reaction rate constants estimated using the formulated empirical 
equation (4.11) well fit with experimentally obtained values as Figure 4.12 shows (R2 = 
0.9942). It should be noted that while this empirical model can predict the inactivation 
rate constants of E. coli K-12 at a constant residence time of 1.1 min, changes in flow rate 
(or residence time) and bacteria species would require customized revision of coefficients 
in the model. 
Experimental k3 (min
-1)






















Figure 4.12: Comparison between experimental and calculated rate constants for 
inactivation of E. coli K-12 in presence of UV-A and TiO2 and different operational 
parameters. 
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4.2.7 Photocatalytic reactor- scale up from bench-scale to a commercial unit 
 
A significant application of this research lies in exploring the commercial and 
economic aspects of the continuous photocatalytic studies as applied to the inactivation of 
bacteria for the purpose of indoor air purification. Figure 4.13 shows design of a typical 
HVAC system (NCDENR, 2003).  
 
         
 
                                    Courtesy- IAQ and HVAC Workbook by D. Jeff Burton, 2001) 
 




In this system, a large amount of outdoor air (OA) is introduced to dilute 
concentrations of indoor pollutants, which demands higher capital costs. To cut down the 
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intake of outdoor air, it is required to treat the return air (RA) collected from the 
workspace. This can be done by passing the RA through a photocatalytic reactor (PCR), 
thus subjecting it to TiO2-mediated photocatalytic inactivation, as the suggested design 


























Figure 4.14: Schematic diagram of the improved HVAC system. 
 
Since the RA is already conditioned in terms of temperature, less energy is required for 
cooling or heating mixed air. Although treating the OA in the PCR is a means of further 
purifying the room air, but from the perspective of energy efficiency, this is not practical 
and has thus not been considered in this study. This is because the concentration of 
microbes in outdoor environment is typically much lower than that found indoors. The 
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RA after being treated to photocatalysis is mixed with OA before flowing through filters 
and coils followed by heating or cooling, as required. After this the air flows through a 
duct before being distributed to the workspace.  
 
Prior to the scale up of the bench-top photocatalytic reactor, it is necessary to 
determine whether the bacteria concentration tested in the bench-top study was 
representative of an actual environmental condition. This study demonstrates the 
capability of full disinfection of an initial E. coli K-12 count of, 63242 ± 15% CFU/m3. 
The results are superior to the acceptable bacterial counts in indoor air (500 CFU/m3) 
issued by the Ministry of Environment in Singapore (1996). The Centers for Disease 
Control and Prevention (CDC) in USA recommends that for control of TB transmission 
in hospital isolation rooms, the room should be maintained at negative pressure and 
ventilated with clean outside air at a rate of 6-12 air changes per hour (ACH/hr). ACH is 
defined as the ratio of the volumetric flow rate to the volume of the room. For normal 
office buildings, we can assume an ACH of 2/hr to provide sufficient ventilation. In the 
bench-top studies carried out in the second phase of this research, a residence time of 1.1 
minute was sufficient for the complete inactivation of the bacteria. For scaling up, the 
bacteria must be subjected to a similar residence time for photocatalysis within the 
reactor. As shown in Table C.1 of Appendix C, if room air is purified by supplying fresh 
air alone, in absence of photocatalysis, then in order to achieve 99.99% efficiency of 
removal of airborne contaminants at an ACH of 2, 207 min will be required. Based on 
our experimental data, complete inactivation of aerosolized E. coli K-12 is achieved 15 
minutes after the UV-A is switched on. Thus the coupling of a PCR to the existing 
 77


















































 The major conclusions of this research have been summarized in this paragraph.  
From the eight species of bacteria studied in the batch photocatalysis part of this research, 
a spectrum can be obtained with spore-forming bacterium Bacillus subtilis at the lowest 
bound and E. coli K-12 at the uppermost bound.  Since four bacteria among the eight 
species studied were collected from local air, results of this work show that, for 
Singapore and other tropical countries having hot and humid weather, airborne Gram-
positive bacteria may be inactivated slower than E. coli K-12 and faster than Bacillus 
subtilis.  In addition, Gram-positive species Microbacterium sp. studied here has been 
known to be isolated from humidifiers, air samplers in hospitals and is commonly 
identified in indoor air sampling studies.  Hence, this study indicates that bacterial 
species indoors may be inactivated at a slower rate than E. coli K-12.  The successful 
inactivation of Gram-negative bacterium, Pseudomonas fluorescens in this study, may be 
extended qualitatively to predict the extent of TiO2 mediated photocatalytic inactivation 
of pathogenic bacterium Pseudomonas aeruginosa (both species are Gram-negative, rod 




The specific conclusions of this research work are classified into two sections, 
batch and continuous photocatalytic studies, as follows:  
 
5.1.1 Batch photocatalytic inactivation studies 
• TiO2 mediated inactivation of 8 bacteria using fluorescent light (commonly room 
lighting) is achieved. An increase in TiO2 loadings or exposure time to fluorescent 
light enhanced inactivation rates. 
• The inactivation rate constants using TiO2 in the presence of fluorescent light 
emitting UV-A (intensity 0.013 mW/cm2) range from 0.0057 to 0.2442 min-1, 
depending on bacteria species.  
• Among the eight bacteria strains tested in this study, E. coli K-12 (Gram- 
negative) was most effectively inactivated with a maximum rate constant of 
0.2442 min-1. Bacillus subtilis (Gram-positive) was most resistant to 
photocatalytic inactivation, and showed little inactivation after 120 min.  
• Complete inactivation of E. coli K-12 was achieved after the exposure to 
fluorescent light for 30 min with a TiO2 loading of 1666 mg/m2 (438 nm of TiO2 
coating).  
• Four out of the eight strains of bacteria tested in this study showed maximum 
inactivation at an optimum TiO2 loading ranging from 511-1666 mg/m2.  
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• Compared to Gram-negative bacteria, Gram-positive bacteria were less affected 
by ·OH and reactive oxygen species, consistent with most findings available in 
literature.  
• The inactivation rate (0.29 min-1) using only UV-A (4.28 mW/cm2) compared 
well with the literature data obtained from different reaction environments, 
indicating the consistency of the UV-A photocatalytic inactivation of the 
microorganisms.  
 
 5.1.2  Continuous photocatalytic inactivation studies 
• A continuous reaction system was developed to examine effects of light intensity, 
TiO2 loading and relative humidity (RH) on inactivation efficiencies of 
aerosolized Gram-negative bacterium E. coli K-12.  
• Inactivation of E. coli K-12 increased with increasing UV-A intensity from 0.5 to 
3.4 mW/cm2. 
• Inactivation of E. coli K-12 increased with an increasing TiO2 loading from 0 to 
1516 mg/m2.  
• An increase in RH from 51 to 85% enhanced the inactivation of the bacteria; 
under a RH of 85%, within 15 min, all bacteria were fully inactivated.  
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• Complete inactivation of the aerosolized bacteria was achieved within 15 min of 
exposure to UV-A (3.4 mW/cm2) under a RH of 85%, with a TiO2 loading of 
1516 mg/m2. 
 
5.2 Future work 
 
 Continued study is needed to better understand inactivation efficiencies of 
photocatalysis on various microbial strains, and to establish the underlying reaction 
mechanism guiding the inactivation processes. Two pieces of future work are suggested 
below. 
 
Photocatalytic inactivation effect on other strains of bacteria  
 
While this study investigates the disinfection efficiencies of Gram-negative 
bacterium E. coli K-12 as a model bacteria species, many other bacteria, including 
potential pathogens, could be prevalent in air. To evaluate the feasibility of employing 
photocatalytic inactivation for removal of a wide range of airborne bioaerosols under a 
wide range of indoor environments, future work can be extended to verify the effects of 
TiO2-mediated-photocatalytic disinfection on bioaerosols containing various species, 





Mechanisms of TiO2 photocatalytic disinfection 
 
Two decades since the discovery of the concept of photochemical sterilization of 
microbial cells using TiO2/UV-A photocatalysis, the reaction mechanisms whether ·OH 
and/or the holes (h+) generated from UV-A irradiated TiO2 are the main cause of resultant 
photocatalytic inactivation of bacteria remains to be understood. In addition, studies are 
needed to understand the role of ROS such as O2·¯, HO2· and H2O2 generated from the 
TiO2/UV-A during the inactivation of bacterial strains. Since Christensen et al. (2003) 
and Salih (2002) suggest that dimethyl sulphoxide and cysteamine can be good 
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Table A.1 Survival ratios (Nt/N0) and errors with respect to irradiation time (min) 
and TiO2 loading (mg/m2) for (a) Microbacterium sp., (b) Paenibacillus sp. SAFN-
007, (c) Microbacteriaceae str. W7, (d) Bacillus subtilis (e) Pseudomonas fluorescens, 
(f) Kocuria sp. KMM 3905 and (g) Gordonia terrae/ Actinomycetaceae 
 
(a) 
 TiO2 loading 







Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.13 1.0 0.00 1.0 0.40 1.0 0.63 1.0 0.00 
15 
0.80 0.14 0.48 0.13 0.93 0.36 0.44 0.23 0.89 0.12 
30 
0.76 0.17 0.48 0.06 0.74 0.30 0.71 0.35 0.80 0.24 
45 
0.55 0.14 0.49 0.06 0.91 0.33 0.18 0.08 0.61 0.13 
60 
0.33 0.04 0.30 0.16 0.47 0.16 0.11 0.09 0.20 0.15 
120 





















Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.12 1.0 0.07 1.0 0.11 1.0 0.12 
15 
0.12 0.60 0.05 0.69 0.08 0.64 0.09 
30 
0.62 0.05 0.44 0.12 0.52 0.09 0.47 0.06 
45 
0.40 0.08 0.27 0.08 0.31 0.04 0.41 0.04 
60 
0.24 0.10 0.18 0.06 0.17 0.05 0.29 0.06 
120 









Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.26 1.0 0.25 1.0 0.12 1.0 0.0 
15 
0.86 0.24 0.83 0.23 0.76 0.09 0.94 0.17 
30 
0.77 0.16 0.66 0.14 0.72 0.06 0.79 0.12 
45 
0.67 0.15 0.51 0.14 0.59 0.08 0.64 0.03 
60 
0.51 0.20 0.38 0.24 0.50 0.07 0.50 0.24 
120 

















Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.105 1.0 0.04 1.0 0.10 1.0 0.10 1.0 0.08 1.0 0.03 
15 
0.92 0.09 0.88 0.04 0.87 0.10 0.76 0.06 0.896 0.09 0.94 0.03 
30 
0.88 0.07 0.85 0.04 0.73 0.06 0.77 0.12 0.73 0.08 0.90 0.09 
45 
0.86 0.07 0.83 0.03 0.71 0.08 0.70 0.10 0.67 0.06 0.77 0.08 
60 
0.80 0.06 0.80 0.03 0.70 0.07 0.68 0.09 0.64 0.05 0.57 0.04 
120 


















Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.51 1.0 0.14 1.0 0.25 
15 
0.17 0.09 0.04 0.05 0.38 0.13 
30 
0.06 0.11 0.00 0.00 0.10 0.08 
45 
0.02 0.01 0.00 0.00 0.00 0.00 
60 
0.00 0.00 0.00 0.00 0.00 0.00 
120 








Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.29 1.0 0.17 1.0 0.11 
15 
0.79 0.27 0.74 0.17 0.78 0.17 
30 
0.74 0.16 0.75 0.15 0.62 0.09 
45 
0.66 0.16 0.68 0.22 0.58 0.06 
60 
0.66 0.16 0.63 0.16 0.5 0.05 
120 











Nt/N0 Error Nt/N0 Error Nt/N0 Error Nt/N0 Error 
0 
1.0 0.75 1.0 0.27 1.0 0 1.0 0.08 
15 
0.70 0.45 0.84 0.31 0.70 0.1 0.86 0.08 
30 
0.70 0.50 0.6 0.12 0.52 0.07 0.49 0.14 
45 
0.67 0.58 0.31 0.28 0.35 0.06 0.43 0.04 
60 
0.22 0.18 0.07 0.13 0.19 0.05 0.13 0.05 
120 
0.18 0.23 0.04 0.02 0.03 0.01 0.03 0.02 
 
* Error = (Nt/N0)×(((a/Nt)^2 + (b/N0)^2)^0.5), where Nt and N0 are experimental variables whose standard 


















Table A.2 T-test analyses of inactivation at various time intervals with control (TiO2 
loading = 0 mg/m2), for (a) Microbacterium sp., (b) Paenibacillus sp. SAFN-007, (c) 
Bacillus subtilis (d) Pseudomonas fluorescens, (e) Kocuria sp. KMM 3905, (f) 
Gordonia terrae/ Actinomycetaceae and (g) E. coli K-12 
 
(a) 













p-value p-value p-value p-value p-value 
0 - - - - - 
15 0.2600 0.0200 0.8600 0.7800 0.7600 
30 0.3200 0.0120 0.4800 0.0192 0.7920 
45 0.0534 0.0710 0.6600 0.0152 0.0980 
60 0.0400 0.0140 0.0580 0.0180 0.0070 















Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1 1 1 1.00 0.00 
15 0.83 1.09 0.86 0.93 0.14 
30 0.77 0.96 0.79 0.84 0.10 
45 0.72 1.09 1.16 0.99 0.24 
60 0.75 1.06 0.79 0.87 0.17 





















p-value p-value p-value p-value 
0 - - - - 
15 0.5000 0.0000 0.0600 0.0600 
30 0.0200 0.0140 0.0000 0.0000 
45 0.0200 0.0000 0.0000 0.0000 
60 0.0400 0.0000 0.0000 0.0200 















Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1 1 1 1.00 0.00 
15 0.92 0.91 0.91 0.91 0.01 
30 0.73 0.83 0.80 0.79 0.05 
45 0.68 0.77 0.62 0.69 0.08 
60 0.58 0.61 0.61 0.60 0.02 





























p-value p-value p-value p-value p-value p-value 
0 - - - - - - 
15 0.59 0.15 0.42 0.03 0.30 0.78 
30 0.29 0.17 0.02 0.10 0.03 0.57 
45 0.43 0.03 0.01 0.12 0.01 0.07 
60 0.31 0.48 0.11 0.05 0.00 0.00 
120 0.48 0.30 0.09 0.06 0.00 0.00 
 
 
Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1.00 1.00 1.00 1.00 0.00 
15 0.97 0.91 0.98 0.95 0.04 
30 0.94 0.99 0.87 0.93 0.06 
45 0.93 0.90 0.89 0.91 0.02 
60 0.80 0.87 0.85 0.84 0.04 






















p-value p-value p-value 
0 - - - 
15 0.1000 0.0700 0.1440 
30 0.0480 0.0400 0.0520 
45 0.0116 0.0110 0.0110 
60 0.0098 0.0098 0.0098 















Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1.00 1.00 1.00 1.00 0.00 
15 0.50 1.05 1.38 0.98 0.44 
30 0.65 1.06 0.55 0.75 0.27 
45 0.63 0.62 0.85 0.70 0.13 
60 0.52 0.52 0.70 0.58 0.10 























p-value p-value p-value 
0 - - - 
15 0.9200 0.7600 0.6000 
30 0.9800 0.8400 0.1000 
45 0.9200 1.0000 0.0800 
60 0.7200 0.9800 0.4000 














Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1 1 1 1.00 0.00 
15 0.71 0.90 0.80 0.80 0.10 
30 0.85 0.71 0.73 0.76 0.08 
45 0.72 0.63 0.74 0.70 0.06 
60 0.85 0.55 0.47 0.62 0.20 

























p-value p-value p-value p-value 
0 - - - - 
15 0.7600 0.4000 0.2000 0.4200 
30 0.8600 0.2800 0.1600 0.1200 
45 0.8000 0.0200 0.0200 0.0400 
60 0.0200 0.0000 0.0200 0.0200 














Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1 1 1 1.00 0.00 
15 0.69 1.19 1.25 1.04 0.31 
30 0.62 0.75 1.05 0.81 0.22 
45 0.81 1.19 1.00 1.00 0.19 
60 1.31 1.00 1.70 1.34 0.35 



























p-value p-value p-value p-value p-value 
0 - - - - - 
15 0.0600 0.0000 0.0000 0.0000 0.0000 
30 0.0160 0.0200 0.0200 0.0200 0.0200 
45 0.0600 0.0400 0.0400 0.0400 0.0400 
60 0.0000 0.0000 0.0000 0.0000 0.0000 















Control data  Time 
(min) 1 2 3 Mean Stdev 
0 1.00 1.00 1.00 1.00 0.00 
15 0.77 0.73 0.67 0.72 0.05 
30 0.62 0.56 0.37 0.52 0.13 
45 0.63 0.61 0.31 0.52 0.18 
60 0.47 0.47 0.45 0.46 0.01 











                 
Table B. Comparison of inactivation rate constant k, for Paenibacillus sp. SAFN-007 
between fluorescent lamp and UV-A lamp. Fluorescent lamp was at an UV-A 
intensity of 0.013 mW/cm2 while UV-A lamp was at an intensity of 1.5 mW/cm2, 





k (min-1), using fluorescent light 
(UV-A intensity of  
0.013 mW/cm2) 
k (min-1) using UV-A lamp 
(UV-A intensity of  
1.5 mW/cm2) 
0 0.007 0.0632 






















Table C. Air changes per hour (ACH) and time required for removal efficiencies of 
90%, 99% and 99.99% of airborne contaminants* 
 
 
Minutes required for a removal efficiency of: ACH 90% 99% 99.99% 
1 138 276 414 
2 69 138 207 
3 46 92 138 
4 35 69 104 
5 28 55 83 
6 23 46 69 
 
 
*This table has been adapted from the formula for the rate of purging airborne 
contaminants. Values have been derived from the formula t1 = [ln (C2 /C1) / (Q/V)] x 60, 
with t1 = 0 and C2 /C1 = (removal efficiency /100), and where: 
t1 = initial time-point 
Q = air flow rate (cubic feet per hour) 
C1 = initial concentration of contaminant  
V = room volume (cubic feet) 
C2 = final concentration of contaminants  
Q / V = ACH 
The times given assume perfect mixing of the air within the space (i.e., mixing factor = 
1). However, perfect mixing usually does not occur, and the mixing factor could be as 
high as 10 if air distribution is very poor. The required time is derived by multiplying the 
appropriate time from the table by the mixing factor that has been determined for the 
booth or room. The factor and required time should be included in the operating 
instructions provided by the manufacturer of the booth or enclosure, and these 
instructions should be followed. 
(Excerpt from: Centers for Disease Control and Prevention’s Guideline for preventing the 












4.2.6 Establishment of rate equation using nonlinear regression analysis 
 
 An empirical kinetic model for the photocatalytic inactivation of E. coli K-12 
appropriate to describe the experimental data is developed based on nonlinear regression 
analysis (Behnajady and Modirshahla, 2006), incorporating parameters of UV-A 
intensity, TiO2 loading, and RH with a residence time of 1.1 min in the photo-reactor. 
This empirical model was developed in this study to show how the inactivation 
efficiencies in the continuous reactor depends on individual tested parameters (UV-A 
intensity, TiO2 loading and relative humidity).  
The generic kinetic model can be represented as shown in Equation (4.6) below, 
 
k3 = f(I, [TiO2], [RH])          (4.6), 
 
where k3, I, [TiO2] and [RH] represent inactivation rate constant for the continuous 
reaction system, UV-A intensity, TiO2 loading, and relative humidity, respectively. The 
apparent initial inactivation rate constants kap corresponding to each parameter have been 
calculated from Figures 4.5 - 4.7. 
Figure 4.9 shows the effect of UV-A intensity on kap at a constant TiO2 loading of 
1516 mg/m2 and RH of 85%. The nonlinear trend between k3 and UV-A intensity can be 
described using the following empirical relationship, which were established taking into 
account of observations of actual experimental data: 
 112
  
k3 0.0168e0.493[I]                        (4.7) 
 
Figure 4.10 shows the effect of TiO2 loading on kap at constant UV-A intensity of 3.4 
mW/cm2 and RH of 85%. The nonlinear correlation between k3 and TiO2 loading can be 
described as follows: 
 
k3 0.0108e0.0015 [TiO2]                             (4.8) 
 
Similarly, Figure 4.11 shows the effect of RH on kap at constant UV-A intensity of 3.4 
mW/cm2 and TiO2 loading of 1516 mg/m2 and the corresponding trend between k3 and 
RH can be demonstrated as: 
 























Figure 4.9: Effects of UV-A light intensity on the initial inactivation rate constant of E. 
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Figure 4.10: Effect of TiO2 loading on the initial inactivation rate constant of E. coli K-
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Figure 4.11: Effect of RH on the initial inactivation rate constant of E. coli K-12 at a 




 Taking the obtained coefficients from equations 4.7-4.9, the empirical function 
can be described as: 
 
k3 = k0 × (0.0168e0.493[I]) × (0.0108e0.0015 [TiO2]) × (0.1823 [RH] – 0.0598)                  (4.10) 
                              
 
 
Based on experimental values of UV-A intensity, TiO2 loading and RH, k0 is obtained as 
84.72. Using the value of k0 in Equation 4.10 gives the final form of the kinetic model as 
Equation 4.11 shows.  
 116
k3 = 84.72 × (0.0168e0.493[I]) × (0.0108e0.0015 [TiO2]) × (0.1823 [RH] – 0.0598)           (4.11)                          
                  
Figure 4.12 shows how reaction rate constants estimated using the formulated empirical 
equation (4.11) fit with experimentally obtained values (R2 = 0.9704). It should be noted 
that while this empirical model can predict the inactivation rate constants of E. coli K-12 
at a constant residence time of 1.1 min using the reaction system in this study, changes in 
flow rate (or residence time) and bacteria species would require customized revision of 
coefficients in the model, along with additional verification. 
Experimental k3 (min
-1)























Figure 4.12: Comparison between experimental and calculated rate constants for 
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